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FOREWORD 


Vibration  testing  is  a  rapidly  evolving  technology  that  has  gained  widespread 
recognition  of  its  importance  mostly  in  the  period  since  World  War  II ,  As  often 
happens  In  a  new  and  rapid  technological  development,  vibration  testing  hus 
been  beset  by  unclear,  conflicting,  and  sometimes  controversial  concepts  of  test 
specifications,  test  conditions,  test  methods,  and  Interpretation  of  test  results, 

In  this  monograph,  the  uuthors  have  done  a  great  service  by  compiling  the 
state-of-the-art  knowledge  of  vibration  testing  and  related  technology  In  a  very 
clear,  concise,  and  comprehensive  manner.  The  various  test  methods  are  de¬ 
scribed  and  explained  In  a  factual  way  so  that  the  reader  can  easily  assimilate  the 
essential  concepts  and  then  vise  his  own  engineering  judgment  in  applying  them 
to  the  problem  at  hand,  Nevertheless,  the  authors  do  not  hesitate  to  express 
their  own  opinions  and  judgments  in  a  scientific  manner,  und  these  provide 
authoritative  precepts  which  can  be  very  helpful  in  guiding  the  practitioner, 

The  designer  and  specification  writer  will  find  helpful  explanations  und  back¬ 
ground  In  Chapter  2,  “Selection  of  Appropriate  Test  Method,”  These  people 
often  urc  not  vibration  specialists,  but  this  chapter  will  help  them  acquire  an 
understanding  that  will  Increase  their  effectiveness  In  Incorporating  suitable 
provisions  for  vibration  in  their  designs  und  specifications. 

Chapter  3,  ‘‘Simulation  Characteristics  of  Test  Methods,”  will  be  especially 
useful  to  those  who  have  had  difficulty  in  understanding  the  busic  features  of 
the  various  vibration  test  methods.  This  chapter  clearly  delineates  each  method 
and  with  a  minimal  umount  of  mathematics  summarizes  the  analytical  basis  of 
each. 

The  tost  conductor  will  be  concerned  primarily  with  Chapters  4  und  5.  Much 
of  the  practical  information  needed  to  conduct  a  vibration  test  is  given  in  these 
chapters,  including  many  helpful  hints  which  have  been  acquired  through  the 
experience  and  mistakes  of  others. 

The  authors  conclude  with  a  summary  in  Chapter  0  of  how  vibration  duta  are 
acquired  and  handled.  And  so  this  monograph  gives  the  vibration  testing  tech¬ 
nologist  a  reference  that  systematically  reviews  and  explains  how  vibration  data 
are  acquired,  how  tire  data  are  used  in  preparing  specifications,  how  a  test  is 
conducted  to  satisfy  specifications,  and  how  test  results  are  interpreted. 

Tills  monogruph  should  help  those  working  with  vibration  problems,  and 
particularly  the  novice,  to  conic  to  a  clearer  understanding  of  the  basis,  con¬ 
cepts,  and  purposes  of  vibration  testing,  and  it  will  be  much  appreciated  by 
tliuse  who  desire  to  sec  how  the  technology  fits  together  to  make  good  sense. 

I).C.  KltNNARD,  JR, 

Test  and  Evaluation  Division 
Goddard  Space  Flight  Center 
Greenbelt,  Maryland 
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The  continuing  development  ot'  the  field  of  vibration  testing  Is  evidenced  by 
the  number  of  technical  meetings  and  extensive  llteratuie  devoted  to  the  topic. 
Preparation  of  a  monograph  which  will  adequately  describe  the  selection  and 
performance  of  vibration  tests  and  which  will  not  rapidly  become  obsolescent  is 
perhaps  Impossible,  Nevertheless,  the  authors  believed  that  one  of  the  series  of 
monographs  sponsored  by  Shock  and  Vibration  Information  Center  should  bo 
addressed  to  this  subject.  It  seemed  that  a  wealth  of  analytical,  empirical,  and 
practical  information  was  scattered  In  various  technical  Journals,  government  and 
contractor  reports,  and  perhaps  mainly  in  the  subconsciousness  of  many  workers 
in  the  field,  They  also  felt  that  a  document  that  gathered,  sifted,  und  collated 
this  Information  would  prove  Instructive  to  newcomers  to  the  field  und  useful  us 
a  reference  for  the  "old  hands.”  To  avoid  the  problem  of  obsolescence  insofar  us 
possible,  the  monograph  should  be  restricted  to  facts  und  principles  which  can 
be  used  to  muke  sound  engineering  decisions,  und  thus  should  bo  relatively 
independent  of  future  developments  of  test  techniques  and  vibration  test 
equipment. 

The  monograph  which  has  resulted  from  these  ideas  was  made  possible  pri¬ 
marily  by  the  support  of  Dr.  W.  W.  Mutch  and  his  stuff  at  the  Shock  and 
Vibration  Information  Center.  The  uuthors  must  also  acknowledge  the  contri¬ 
bution  of  those  reviewers  of  an  earlier  draft  whose  generous  und  constructive 
comments  added  much  to  the  final  version, 

It  would  have  been  impossible  to  write  this  monograph  without  a  rather 
extended  association  with  a  vibration  test  laboratory  und  some  initial  Inspiration 
to  pursue  endeavours  in  the  field.  The  opportunity  to  participate  lor  u  number 
of  years  in  the  development  of  new,  und  hopefully  Improved,  simulation  tech¬ 
niques  while  associated  with  the  environmental  test  laboratory  at  Hughes  Air¬ 
craft  Company  Is  gratefully  acknowledged.  Finally,  the  two  more  senior  uuthors 
would  like  to  thank  Dr.  C.  T.  Morrow  whose  initial  pioneering  of  random  vibra¬ 
tion  testing  at  Hughes  provided  the  spark  for  their  continuing  Interest  and  activ¬ 
ity  in  the  field  of  vibration  testing, 


Allen  .1.  Curtis 
Nicholas  G.  Tin  lino 

Los  Angeles,  California  H'-nry  T.  Abstuin.  Jr, 
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CHAPTER  1 
INTRODUCTION 


According  (o  Webster,  a  monograph  Is  a  written  account  of  a  single  thing  or 
class.  Alternatively,  and  perhaps  synonomously,  it  Is  a  special  treatise  on  a 
particular  subject,  Again,  from  the  same  source,  a  treatise  is  u  methodical  dis¬ 
cussion  of  the  facts  and  principles  invulvod  and  conclusions  reached.  In  one 
sense,  then,  the  following  chapters  may  not  constitute  a  monograph  since,  as  the 
title  proclaims,  both  the  selection  and  the  performance  of  vibration  tests  are  to 
be  treated.  However,  the  selection  of  a  test  without  knowledge  of  how  or 
whether  it  can  be  performed,  or  conversely,  toe  performance  of  a  test  without 
knowing  wiry  It  was  selected,  Is  sterile  Indeed.  Thus,  In  a  larger  sense,  the 
selection  and  performance  of  vibration  tests  are  appropriate  subjects  for  one 
monograph.  It  is  Intended  to  be  a  treatise,  as  defined  above,  within  the  limita¬ 
tions  of  tlie  scope  of  the  subject  matter  described  below  and  witli  a  further 
reservation  that  the  reader  will  be  expected  to  draw  the  final  conclusions,  or 
make  the  final  engineering  decisions,  based  on  the  fuels  and  principles  discussed. 

1.1  Purpose 

A  first  exposure  to  the  performance  of  a  vibration  test  can  be  u  bewildering 
experience,  with  the  observer  very  unsure  of  what  happened  und  even  less  sure 
why,  If  this  experience  arouses  enough  interest  to  visit  the  library,  that  observer 
is  likely  to  find  a  number  of  textbooks  which  hardly  mention  vibration  testing 
and  a  larger  number  of  Journal  articles  which  generally  assume  the  reader  already 
knows  all  the  principles  of  vibration  testing  from  reading  the  tex, cooks.  Tite 
primary  purpose  of  this  monograph  Is  to  fill  that  gap  by  presenting  a  methodical 
discussion  of  the  facts  and  principles  to  be  applied  to  the  selection  and  per¬ 
formance  of  vibration  tests  which  will  be  of  value  as  a  reference  document  to 
both  the  newly  involved  and  the  experienced  worker  in  the  field. 

it  is  intended  that  this  discussion  be  presented  at  a  technical  level  which 
strikes  a  middle  ground  between  the  elementary  discussion  of  simple  dynamic 
systems  found  in  the  first  chapters  of  vibration  textbooks  (which  should  already 
be  familiar  to  lire  leader)  und  the  more  detailed  discussions  of  complex  dynamic 
systems,  noise  theory,  and  electronic  equipment,  which  arc  generally  unneces¬ 
sary  to  an  understanding  of  the  basic  parameters.  Thus  a  reader  who  lias 
mastered  the  equivalent  of  a  first  course  in  mechanical  vibrations,  either  for¬ 
mally  in  tlie  classroom  or  by  experience,  and  who  Iras  u  minimal  familiarity  with 
the  conduct  of  a  vibrution  test  should  expect  this  monogrupli  to  be  quite 
readublo.  Whore  appropriate,  brief  and  simplified  discussions  of  theory  arc  In¬ 
cluded  along  with  citations  of  more  complete  and  rigorous  presentations. 
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1.2  Scope 

ll  has  been  indicated  that  the  subject  matter  will  be  limited  to  principles  and 
facts,  supplemented  by  citations  of  significant  con triluil ions  to  the  field.  I!y 
implication,  then,  the  scope  of  the  monograph  excludes  detailed  descriptions  of 
the  operation  and  construction  of  particular  equipment  and,  Instead,  describes 
(he  functions  and  purposes  of  required  equipment  without  reference  to  any 
commercial  models, 

The  expression  vibration  tests  may  have  a  number  of  different  connotations. 
Within  the  scope  of  tills  monograph ,  vibration  tests  are  those  tests  where  a 
physical  object,  from  a  fraction  of  an  ounce  to  many  tons  In  weight,  is  subjected 
to  a  controlled  external  vibratory  excitation,  Thus  a  wide  variety  of  vibration 
lesis  in  which  Internally  generated  excitations  cause  vibration  of  a  physical 
object  arc  excluded.  For  Instance,  the  testing  of  an  antenna  under  the  vibration 
loads  due  lo  Its  mechanical  scanning  und  the  testing  of  turbine  blading  under  the 
vibratory  loads  due  lo  gas  flow  during  operation  are  excluded. 

External  vibratory  excitation  is  applied  to  physical  objects  for  a  number  of 
reasons,  not  all  of  which  would  be  classified  as  tests.  For  example,  vllnation 
excitation  is  used  in  the  muleriuls  handling  field  for  packing  crates,  unloading 
hopper-type  vehicles,  etc,  Thus  vibration  tests  In  this  context  are  limited  to 
those  situations  where  external  excitation  is  applied  to  an  object  in  order  to 
determine  (he  manner  in  which  ( Ire  object  physically  or  functionally  responds  to 
that  excitation  und  to  determine  any  effects  It  may  have  on  the  object. 

There  are  throe  basic  methods  of  applying  external  vibratory  excitation  to  a 
physical  object.  First,  and  most  commonly,  by  application  of  sufficient  but 
undefined  force  at  one  or  mote  discrete  points  of  the  object  to  create  a  desired 
motion.  Second,  by  application  of  a  desired  force  at  one  or  more  discrete  points 
of  the  object.  Third,  the  object  may  be  "Immersed"  In  a  desired  acoustic  field, 
the  pressure  fluctuations  of  which  constitute  a  force  excitation  over  die  entire 
surface  ,»f  (lie  object.  Four  generic  types  of  tests,  which  arc  identified  by  these 
three  methods  are  (a)  motion  testing;  (b)  force-control  testing;  (c)  acoustic 
testing;  and  (d)  impedance  testing,  which  is  a  combination  of  motion  and  force- 
control  testing,  However,  for  a  number  of  reasons,  acoustic  testing  Is  generally 
considered  distinct  from  vibration  testing  and  will  not  be  Included. 

Any  discussion  of  problems  and  limitations  of  vibration  testing  among 
workers  In  the  field  will  almost  certainly  gel  around  lo  one  of  two  topics, 
mechanical  Impedance  effects  or  vibration  equivalence.  Both  topics  will  neces¬ 
sarily  enter  into  this  monograph.  However,  only  material  on  these  topics  which 
is  Incidental  to  the  main  discussion  will  be  included.  Descriptions  of  Impedance 
test  methods  and  equipment  will  not  lie  Included. 

Finally,  it  is  not  intended  that  this  monograph  serve  as  a  manual  to  be  used  in 
either  selecting  or  performing  u  particular  test  under  a  particular  set  of  circum¬ 
stances,  Rather,  the  Intention  is  lo  provide  the  reader  with  sufficient  Informa¬ 
tion  to  permit  him,  lor  his  particular  circumstances,  to  make  a  logical  selection 
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nf  lest  methods  and  to  ensure  that,  once  selected,  the  test  is  conducted  In  a 
proper  manner. 

To  Tut  I'll!  this  Intention,  the  succeeding  chapters  are  structured  as  lot  lows, 
Chapter  2  contains  a  discussion  of  the  numerous  factors  which  must  be  con¬ 
sidered  in  the  selection  of  the  appropriate  test  method.  First,  a  number  of 
general  considerations,  such  as  defining  tire  purpose  of  the  test,  ure  described, 
followed  by  discussions  of  the  selection  of  test  conditions  and  procedures.  The 
next  chapter  Includes  a.  detailed  technical  description  of  the  various  test 
methods,  o.g„  sinusoidal,  random,  etc.,  together  with  a  discussion  of  whui  can  be 
achieved  by  their  use,  i.o,,  the  simulation  characteristics  of  each  method.  This 
chapter  is  followed  by  chapters  devoted  to  vibration  equipment  requirements, 
performance  and  control  of  the  various  methods,  and  the  acquisition  and  anal¬ 
ysis  of  vibration  data  obtained  during  the  tests. 

I .  J  Necessity  of  Vibration  Tests 

It  would  be  interesting  to  arrange  a  poll  of  engineers  involved  in  vibration 
testing,  in  one  capacity  or  another,  which  posed  the  question:  "Why  is  litis  test 
being  performed?"  The  percentage  of  answers  which  would  be  variations  of 
either,  "I  don’t  know,"  or  “That’s  what  the  spec  says,”  would  probably  be 
distressingly  large.  A  lutor  section  will  discuss  the  purpose  of  vibration  tests  in 
detail,  It  Is  appropriate  to  consider  here  the  general  purposes  of  vibrutlon  testing. 

In  one  way  or  another,  almost  all  vibration  tests,  as  defined  previously,  are 
employed  to  ensure  the  suitability  of  the  test  object  for  Its  intended  use.  The 
rather  wide  vurlcty  of  tests  which  can  he  and  are  performed  grew  out  of  the  wide 
variety  of  intended  uses,  l.c„  environments,  ami  the  differing  criteila  fur  oslali- 
llshlng  suitability.  However,  It  is  believed  that  all  tests  arc  intended  to  establish 
suitability  with  respect  to  ai  least  one  of  the  following  three  criteria:  (a)  struc¬ 
tural  integrity;  (b)  adequate  functional  performance;  and  (c)  quality  assurance 
level;  i.o.,  adequate  workmanship.  There  are  probably  those  who  would  slate 
that  a  fourth  criterion  of  adequate  equipment  reliability  should  be  added.  How¬ 
ever,  it  would  seem  that  criteria  a  and  r  together  encompass  the  purposes  of 
reliability  testing. 

Given  that  vibration  tests  have  the  above-mentioned  purposes,  the  question 
still  remains  •  why  ate  vibration  tests  necessary?  Is  it  as  Tetyve  exclaims  in 
/•Miller  on  the  Roof,  "Tradition!’"'  C  ertainly  (his  is  a  factor,  though  perhaps 
more  itt  the  selection  of  tests  than  In  the  question  of  whether  to  test,  A  more 
rational  reason  is  that  they  are  performed  to  save  money  and,  in  a  number  of 
cases,  lives,  by  uncovering  design  or  const, uction  weaknesses  that  would  cause 
failure  due  to  the  vibration  encountered  In  usage,  By  simulating  either  the  usage 
vibration  Itself  or  It.;  effects,  those  weaknesses  can  be  uncovered  In  the  labora¬ 
tory  quite  economically  compared  *o  the  cost  of  occurrence  during  use.  Further¬ 
more,  the  behavior  of  the  lest  object  can  be  observed  and  carefully  measured 
with  instrumentation  In  much  greater  detail  than  is  generally  possible  In  I  lie 
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usage  environ  mem.  pint ‘cularly  with  “one-shot"  devices  sin.li  as  missiles  and 
space  vehicles. 

1.4  Historical  Development 

The  general  subject  of  mechanical  vibration  is. itself  a  rather  young  specialty, 
since  the  first  college  course  devoted  to  the  subject  was  introduced  as  recently  as 
1(I2S.  The  need  for  such  a  specialised  course  In  applied  mechanics  arose  because 
of  the  development  of  higher  speed  and  higher  (lowered  rotating  machinery, 
such  us  automobile  engines,  steam  turbines,  and  electric  generators.  Unbalance  In 
the  moving  parts  of  these  machines  produced  vibrations,  mainly  at  the  operating 
speed  (or  frequency),  although  harmonics  of  this  fundamental  frequency  also 
occurred.  Tlius  the  motions  were  essentially  periodic,  and  Fourier  series  could  be 
used  both  (o  analyze  and  lo  compute  the  response  to  these  vibrations.  With  the 
development  of  propeller-driven  aircraft,  these  same  techniques  could  be  ex¬ 
tended  lo  copo  with  the  vibration  environments  for  aircraft  and  airborne  equip¬ 
ment.  Concurrently  with  this  development  cycle,  the  development  of  vibration 
testing  equipment  (or  “shakers”)  took  the  course  of  mechanically  driven 
machines  using  eccentric  diives,  followed  by  the  clcotrodynamie  or  “loud¬ 
speaker”  type  of  equipment  driven  by  variable-speed  motor-generator  sets. 

With  the  development,  mainly  since  World  War  II,  of  jet  engines,  rocket 
motors,  aircraft,  and  missiles  whose  performance  is  high  enough  to  require  anal¬ 
yses  of  the  effects  of  turbulent  boundary  layer,  etc.,  the  vibrations  to  be  dealt 
with  were  found  lo  be  no  longer  adequately  described  by  the  simple  periodic 
motion/Fourier  scries  approach.  Instead,  it  was  found  that  the  vibrations  (or  'he 
excitation  forces  which  produced  them)  could,  in  many  cases,  only  be  described 
in  statistical  terms  since  the  amplitudes  were  found  to  fluctuate  in  a  random 
manner.  Several  developments  were  required  to  make  effective  use  of  this  new 
approach.  First,  the  development  of  improved  electronic  instrumentation  sys¬ 
tems  was  required.  Particularly  significant  was  the  development  of  magnetic  tape 
recording  systems  which  permitted  the  repeated  reproduction  of  an  electrical 
v  illage  proportional  to  the  moasured  vibration  (displacement,  velocity,  etc.). 
Second,  mote  sophisticated  equipment  for  data  reduction,  again  electronic  in  the 
main,  was  developed  to  bundle  the  more  complex  procedures  required.  The  third 
factor  which  nude  the  use  of  (he  concept  of  random  vibration  possible  was  the 
development  of  hlgh-out put  power  amplifiers  to  drive  the  clectrodynamic 
shakers  in  accordance  with  almost  any  desired  input  signal.  For  example,  actual 
flight  vibration  measurement  recordings  have  been  played 'into  power-amplifier/ 
shaker  systems. 

During  these  development  cycles,  it  was  fortunate  that  much  of  the  mathe¬ 
matical  theory  required  had  already  been  developed.  In  the  field  of  communica¬ 
tions,  the  problem  of  electrical  noise  in  circuitry  had  received  a  great  deal  of 
attention,  and  it  turned  out  that  the  theory  and  analysis  techniques  which 
evolved  were  almost  directly  applicable  to  tiic  analysis  of  random  vibration. 


INTRODUCTION 


5 


With  the  means  of  analyzing  properly  a  complex  vibration  signal,  of  synthe¬ 
sizing  the  desired  excitation  signal  through  spectrum  shaping  networks,  and  of 
driving  a  shaker  in  accordance  with  this  excitation,  the  one  remaining  develop¬ 
ment  which  enabled  the  complexity  and  sophistication  of  present  testing 
methods  was  the  application  of  servomechanism  techniques,  i.e,,  automatic  gain 
control,  to  the  control  of  vibration  test  level  .  Two  of  the  authors  can  remember, 
all  too  clearly,  when  two  test  items  were  needed  for  each  random  vibration  test. 
One  was  used  and  virtually  destroyed  during  the  lengthy  manual  equalization  of 
the  test  spectrum,  whereas  the  second,  when  available,  was  used  to  fulfill  the 
purposes  of  the  test.  This  situation  did  not  make  the  customers  too  happy  or 
create  the  Impression  that  the  lest  engineers  knew  quite  what  they  were  about. 
With  servomechanism  control,  now  known  as  automatic  equalization,  random 
vibration  tests  became  economical,  efficient,  and  generally  acceptable. 

Until  the  lute  196G's,  almost  all  activities  leading  to  the  establishment  or 
conduct  of  vibration  tests  were  carried  out  using  analog  Information  processing. 
Now,  however,  digital  processing,  with  the  speed  and  accuracy  which  It  can 
provide,  Is  replacing  analog  niothods  more  and  more,  most  recently  with  the 
introduction  in  1969  of  digital  synthesis  and  analysis  of  lltc  vibration  test  signal. 

Thus  the  state  of  the  art  in  vibration  testing,  and  “art”  is  used  advisedly,  has 
progressed  very  rapidly  during  the  last  two  decades.  However,  it  is  expected  that 
the  basic  principles  described  In  the  following  chapters  will,  as  principles  should, 
remain  valid  even  when  unknown  future  developments  take  their  historical 
place. 


CHAPTER  2 

SELECTION  OF  APPROPRIATE  TEST  METHOD 


It  Is  un  infrequent  occasion  when  a  reader,  by  himself,  will  huve  the  oppor¬ 
tunity  to  make  an  optimum  selection  of  a  vibration  test  based  on  adequate 
technical  information  ubout  the  .test  object  and  the  overall  purpose  of  the  test. 
In  the  first  place,  later  discussions  will  illustrate  that  technical  information  is 
often  insufficient  at  the  time  of  test  selection.  Second,  few  readers  will  be  in  a 
position  whore  they  alone  can  make  the  selection.  Third,  the  Influence  of  a 
number  of  nontechnical  factors  may  override  much  of  the  technical  considera¬ 
tion,  These  are  factors  such  as  schedule,  cost,  tradition,  hardware  availability, 
etc.  Thus  the  material  to  be  discussed  in  this  chapter  must  necessarily  be 
presented  somewhat  idealistically.  However,  tills  discussion  should  also  find 
applicability  on  those  occasions  when  modification  of  un  existing  test  program  is 
required  and  when  assessment  of  results  at  the  conclusion  of  a  test  program  is 
undertaken. 

The  following  sections  discuss  the  numerous  Inlerrclated  factors  which  should 
bo  considered  in  the  test  selection.  Although  Interrelated,  the  discussion  of  each 
factor  is  necessarily  Independent  with  the  interrelationships  being  either  indi¬ 
cated  or  self-evident.  The  factors  huve  been  grouped  into  general  considerations, 
test  conditions,  data  requirements,  and  necessary  accuracy. 

2.1  General  Considerations 
Test  Purpose 

it  should  be  superfluous  to  say  that  the  first  consideration  in  the  selection  of 
a  test  should  be  definition  of  the  purpose  of  the  test.  Unfortunately,  it  is  the 
authors’  experience  that  such  is  not  always  the  case  and  that,  on  occasion, 
eventual  consideration  of  the  purpose  has  led  to  deletion  of  the  test,  cither 
because  there  was  no  real  purpose  or  because  the  purpose  could  not  be  achieved 
by  conduct  of  a  feasible  vibration  test,  In  many  cases,  the  purpose  of  the  test  is 
explicit  in  the  label  applied  to  the  test  program,  e.g.,  qualification  test  or  flight 
acceptance  tost.  In  other  eases,  the  purpose  is  implicit  in  the  type  of  hardware 
under  tost,  e.g.,  developmental  or  production  equipment.  Another  implicit  defi¬ 
nition  of  test  purpose  Is  indicated  by  the  assembly  level  of  the  test  object,  i.e.,  a 
single-piece  part  or  a  complete  spacecraft,  it  was  postulated  in  Sec.ion  1.3  that 
all  tests  either  should  or  do  have  the  basic  purpose  of  establishing  suitability  for 
the  intended  use  with  respect  to  either  structural  integrity,  functional  perform¬ 
ance,  or  workmanship,  A  more  detailed  classification  of  basic  purpose  Is 
obtained  by  definition  of  the  several  classes  of  tests, 
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Design- Development  Tests.  Design-development  tests,  as  the  name  implies, 
liuvo  the  basic  purpose  of  aiding  in  the  development  of  the  final  design  of  the 
equipment.  Slnec  they  are  not  usually  specified  in  the  contract  or  hardware 
specification,  the  llexibility  in  the  selection  of  a  test  is  quite  wide  compared  to 
other  types  of  tests.  The  test  object  may  be  a  very  early  brassboard  of  the 
equipment  or  a  Scaled  or  full-size  model  of  a  proposed  structural  design,  with 
dummy  mass  loading,  In  tills  case,  the  purpose  is  to  obtain  an  early  gross  indica¬ 
tion  of  adequate  design  approach  together  with  engineering  data  which  can  be 
used  to  refine  the  design.  This  cun  often  be  best  served  by  the  selection  of 
simple,  economical  test  methods  which  may  bear  little  resemblance  to  the  design 
and  test  requirements  but  which  do  provide  the  required  engineering  data.  For 
example,  tests  to  confirm  or  refine  the  frequencies  and  mode  shapes  of  the 
structure  obtained  from  structural  analysis  would  be  considered  in  this  classifica¬ 
tion.  Later  design-development  tests  may  be  carried  out  on  equipment  which  is 
representative  of  the  final  design.  The  purpose  here  can  very  likely  be  described 
as  a  dry  run  of  the  qualification  tests  In  order  to  detect  and  correct  design 
weaknesses  prior  to  qualification.  Again,  selection  of  test  methods  is  still  quite 
flexible,  but,  If  the  purpose  Is  that  of  a  dry  run,  the  lest  conditions  necessarily 
must  be  closely  related  to  the  later  qualification  tests. 

Evaluation  Tests.  The  term  evaluation  tests  per  so  may  not  be  familiar  to  lire 
reader.  As  will  he  seen,  there  should  be  a  distinction  between  evaluation  tests 
and  qualification  tests,  the  term  by  which  the  former  tests  are  often  known.  The 
purpose  of  evaluation  tests  Is  to  evaluate  formally  the  adequacy  of  develop¬ 
mental  hardware  as  soon  as  available,  and  to  identify  design  weaknesses  or 
inadequacies,  Usually,  however,  an  evaluation  test  program  does  not  include 
those  tests  necessary  to  develop  and  verify  corrective  actions  taken  to  remove 
the  Inadequacies.  The  test  methods  and  conditions  employed  for  evaluation  tests 
are  more  closely  governed  by  contractual  and  specification  requirements  than 
are  design  development  tests.  However,  U  is  usually  possible  to  modify  the 
methods  for  investigative  purposes  based  on  the  results  of  initial  tests. 

Qualification  Tests.  The  term  qualification  test  has  a  number  of  synonyms, 
depending  on  botli  personal  choice  and  phase  of  the  overall  program.  When 
performed  using  developmental  hardware,  the  alternative  terms  type-approval 
test  and  proof -of -design  test  are  commonly  used,  When  performed  on  pilot 
production  or  early  production  hardware,  the  alternative  terms  preproduction 
and  verification  tests  may  be  employed,  Regardless  of  the  name,  the  purpose  of 
qualification  tests  Is  to  demonstrate  formally  the  adequacy  of  the  design  for  the 
intendod  use.  By  implication,  any  Inadequacies  revealed  by  testing  must  be 
remedied  and  the  adequacy  of  the  corrective  action  demonstrated  as  part  of  the 
qualification  tost  program. 

Those  programs  where  significant  production  quantities  are  involved  usually 
include  periodic  or  sampling  qualification  tests  for  which  the  term  verification 
tests  is  used.  Verification  tests  have  the  same  basic  purpose  as  qualification  tests 
and  are  conducted  to  demonstrate  that  neither  design  modifications  nor  changes 
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In  manufacturing  methods  lutvo  introduced  equipment  inadequacies.  These  tests 
arc  usually  less  comprehensive  than  the  original  qualification  tests,  concentrating 
on  the  most  severe  types  of  test  environments.  Vibration  tests  usually  are  among 
the  first  selected  for  verification  tests.  The  selection  of  lest  methods  and  condi¬ 
tions  for  qualification  tests  is  clearly  quite  restricted  by  contractual  and  specifi¬ 
cation  requirements. 

Quality  Assurance  Tests.  As  in  the  previous  paragraph,  there  are  numerous 
synonyms  for  quality  assurance  tosts,  such  as  flight  acceptance,  proof-of- 
workmanship,  delivery  tests,  etc.  Aguin,  regardless  of  the  label,  the  common, 
basic  purpose  Is  to  conduct  u  vibration  test  which  will  reveal  weaknesses  or 
defeats  In  the  equipment  due  to  errors  or  excessive  variability  in  the  manufac¬ 
ture  of  the  equipment.  Such  tests  arc  not  intended  to  detect  design  weaknesses 
or  to  demonstrate  design  adequacy.  Unfortunately,  experience  indicates  that 
quality  assurance  tests  are  too  often  used  for  such  inappropriate  purposes.  An 
Implicit  purpose  of  these  tests,  which  makes  the  selection  of  the  tost  method 
quite  difficult,  Is  to  accomplish  the  basic  purpose  without  introducing  failures 
or  weaknesses  Into  the  equipment  due  to  the  test,  In  view  of  the  Intended 
purposes  of  the  test  (and  those  which  are  not  intended),  It  Is  clear  that  tire 
selection  of  appropriate  vibration  test  methods  for  quality  assurance  tests  is 
quite  wide,  far  from  unique,  somewhat  arbitrary,  und  must  be  based  more  oh 
experience  titan  any  other  test  type. 

Before  wc  leave  this  discussion  of  basic  test  purposes,  it  should  be  evident  to 
the  reader  that  a  normal  progression  of  tests  of  the  several  types  detailed  above 
is  likely  to  be  applied  to  tire  successive  models  or  versions  of  a  particular  piece  of 
equipment.  While  the  selection  of  an  appropriate  test  method  would  Ideally  be 
made  at  each  step  in  the  progression,  it  is  clear  that  precedents  set  during,  say, 
dosign  development  test  selection  will  very  likely  unduly  restrict  the  later  selec¬ 
tion  of  qualification  and  even  quality  assurance  test  parameters,  even  though  the 
purposes  of  the  tests  are  quite  distinct. 

Test  Object  Characteristics 

It  is  axiomatic  that  selection  of  an  appropriate  vibration  test  should  take  into 
consideration  some  of  the  characteristics  of  the  test  object.  Among  those  which 
would  most  significantly  Influence  the  selection  arc  value  (monetary  or  intrin¬ 
sic),  size,  assembly  level,  complexity,  typicality  of  configuration,  function,  and 
any  potentially  hazardous  conditions,  Quantitative  consideration  of  these  char¬ 
acteristics  is  seldom  possible,  The  judgment  factors  which  enter  Into  the  selec¬ 
tion  are  discussed  generally  below. 

Value.  The  value  of  the  test  object,  which  may  well  be  distinct  from  the 
value  of  the  test,  should  bo  considered  in  a  selection  of  the  vibration  test 
method,  particularly  with  regard  to  procedural  aspects.  The  term  value  was 
selected  here,  as  opposed  to  cost,  since  a  relatively  inexpensive  but  unique  test 
object  may  have  a  value  many  times  its  cost  when  factors  such  as  schedule, 
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reputation,  ate.,  are  evaluated.  The  effort  expended  to  select  the  tost  should,  in 
sotno  approximate  way,  be  proportional  to  the  value  of  the  tost  object.  First,  the 
effort  expended  to  define  an  appropriate  set  of  test  conditions  should  reflect  the 
value  of  the  test  object  in  the  sense  that  it  is  worth  developing  more  precise  and 
probably  more  complex  tost  conditions  which,  in  turn,  will  require  more  com¬ 
plex,  time-consuming,  and  costly  test  procedures. 

Second,  the  effort  expended  to  define  the  tost  procedures  should  correlate  to 
the  test  object  value  since  the  amount  of  instrumentation,  the  test  documenta¬ 
tion,  and  the  ntousures  token  to  prevent  test  error  should  all  reflect  this  charac¬ 
teristic  of  the  test  object. 

Size.  It  is  obvious  that  the  size  of  the  test  object  should  be  an  important 
consideration  in  tost  selection.  This  is  true  from  the  point  of  view  of  physical 
size  alone,  regardless  of  weight,  und  also  size  in  the  sense  that,  within  some 
limits,  size  and  weight  are  generally  proportional.  In  the  first  case,  the  physical 
size  must  be  considered  in  the  selection  of  vibrution  control  locations  and 
methods,  the  number  of  excitation  points,  e.g.,  is  a  multishaker  test  required, 
and  the  precision  with  which  test  conditions  are  known,  in  the  second  case,  the 
additional  factor  of  the  required  force  rating  of  the  vibration  equipment  must  be 
determined. 

Although  difficult  to  substantiate,  a  general  rule  seems  to  bo  that  "the  larger 
the  tost  object,  the  poorer  the  vibrution  test.”  This  rule  applies  mutnly  in  the 
context  of  what  might  be  considered  standard  test  methods  applied  over  conven¬ 
tional  frequency  ranges  and  to  the  quullty  of  the  vibration  test  itself  without 
consideration  of  several  other  test  object  characteristics  discussed  later.  The  rule 
cun  be  defeuted  or  at  least  mitigated  by  u  selection  of  nonstandard  test  methods. 
The  busls  of  the  rule  is  found  in  the  following  factors: 

1.  A  single  vibrution  spectrum  specified  ut  a  single  point  or  at  most  a  few 
points  must  become  less  moaningful  for  larger  test  objects. 

2.  The  larger  the  test  object,  the  greater  will  bo  the  effects  of  Impedance 
characteristics  of  tire  tost  object  wlilch  ure  not  accounted  for  by  standard  test 
methods. 

3.  The  larger  the  test  object,  the  greuter  will  be  the  unavoidable  deviations 
from  desired  test  conditions  due  to  the  impedance  characteristics  of  both  tire 
test  object  and  the  shaker/ fixture  combination. 

4.  The  larger  the  test  object  of  a  given  weight,  the  larger  will  be  the  required 
shaker  force  ruting,  duo  to  the  dissipation  of  vibrution  within  the  fixture,  partic¬ 
ularly  in  the  liigher  frequency  ranges. 

5.  The  larger  the  test  object,  the  greater  will  bo  the  dissipation  of  high- 
frequency  vibration  with  distance  from  the  excitation  points,  thus  increasing 
the  risk  of  un  Inadequate  test, 

In  the  field  of  environmental  testing,  test  methods  for  aerospace  equipment 
wore  developed  Initially  for  single  units,  i.c.,  black  boxes,  partly  bocauso  equip¬ 
ment  was  procured  mainly  one  unil  at  a  time  and  partly  because  available 
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vibrutlon  equipment  could  handle  no  more.  With  the  trend  to  procurement  of 
systems  or  subsystems  and  the  availability  of  larger  vibration  equipment,  a  con¬ 
tinuing  trend  toward  the  testing  of  larger  und  larger  test  objects  has  been  evi¬ 
dent.  However,  the  original  environmental  standard  test  methods,  the  require¬ 
ments  of  which  ure  couched  in  terms  of  “the  equipment  shall, , have  often 
been  applied,  ot  rather  misapplied,  to  larger  and  larger  test  items,  such  us 
complete  spacecraft  und  complete  external  aircraft  stores.  References  1  through 
16  describe  studies  und  experimental  programs  directed  toward  the  development 
of  Improvements  in  tost  methods  required  to  solve  problems  engendered  by  the 
size  und,  Indirectly,  the  weight  of  tost  objects. 

Assembly  Level.  At  first  glunce,  tiic  assembly  level  of  the  test  object  might 
appeur  indistinguishable  from  test  object  size.  However,  in  addition  to  size,  the 
assembly  level  of  the  test  ohject  will  be  a  significant  consideration  in  lest 
selection  since  such  factors  us  the  functional  characteristics  of  the  equipment 
and  the  possible  vurioty  of  Intended  usages  must  be  weighed.  Generally  speaking, 
the  higher  assembly  levels  will  have  more  complex  functional  performance 
requirements.  Confirmation  of  adequate  performance  during  vibration  exposure 
is  thus  more  difficult  und  time  consuming.  In  turn,  this  requires  selection  of  u 
tost  method  which  allows  sufficient  time  to  measure  requirod  performance.  For 
oxumplc,  the  time  required  to  determine  If  a  relay  will  ehatler  under  vibration  is 
far  different,  than  that  required  to  mousure  the  performance  of  a  radar  system. 

Experience  indicates  that  a  corollary  to  the  rule  cited  in  the  previous  section 
is  that  the  higher  the  assembly  lovol  (and  therefore  probably  the  larger  the  tost 
object),  the  more  meaningful  will  be  the  evaluation  of  functional  performance 
undor  vibration.  Some  of  Hie  factors  which  contribute  to  any  vulldtty  of  this  rule 
are 

1 .  Proper  measurement  of  the  cumulative  degradation  of  functional  perform¬ 
ance  of  a  higher  assembly  level  due  to  the  Incremental  degradations  within  its 
component  parts. 

2.  The  difficulty  of  specifying  the  amount  of  performance  variation  or  degra¬ 
dation  In  a  component  part  which  will  be  acceptable  when  the  component  Is 
integrated  into  a  higher  assembly  level. 

3.  The  greater  ueeuraey  or  reality  with  which  the  expected  usage  vibration 
conditions  can  be  specified  lor  higher  assembly  levels,  even  though  It  muy  be 
more  difficult  to  test  to  these  conditions. 

A  generally  ucceptod  nomenclature  to  describe  vibration  tests  of  various 
assembly  levels  bus  evolved,  although  thcie  ure  naturally  test  objects  which  fall 
in  a  gray  area  between  the  sevcrul  levels.  Starting  at  the  lowest  level,  these  are 
component  tests,  unit  tests,  subsystem  tests,  and  system  tests., Tho  selection  of 
lest  methods  for  these  various  levels  is  discussed  below. 

Component  Testa.  Component  tests  are  tests  conducted  on  Individual  piece 
parts  or  small  subassemblies  such  us  an  electronic  module  or  a  printed  circuit 
board.  Generally  it  is  possible  to  test  more  than  one  sample,  and  frequently  a 
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large  sample  size  Is  possible.  In  fact,  u  single  test  may  actually  Include  us  many  as 
twenty  samples  tested  simultaneously,  Usually,  the  tests  are  performed  to 
demonstrate  adequacy  of  the  components  for  a  wide  variety  of  uses  and, 
therefore,  environments. 

Thus  in  selecting  test  methods  for  component  tests,  it  is  desirable  and: 
possible  to  select  standardized  tost  conditions  and  procedures  which  cun  be 
accomplished  rapidly  and  economically  on  a  wide  range  of  test  facilities,  partic¬ 
ularly  for  qualification  of  "off-the-shelf”  Items.  Generally  the  test  conditions 
cun'  be  quite  conservative  In  order  to  envelope  a  wide  variety  of  usage  conditions 
wliiclt  are  typically  poorly  dotlned.  For  example,  it  is  difficult  enough  to  define 
the  environment  for  u  single  unit  or  bluck  box,  let  alone  to  define  that  for  a 
single-piece  part  which  may  be  used  at  many  locutions  within  each  of  the  units 
will  cl  i  comprise  the  system.  Even  if  it  were  technically  possible,  It  would  clearly 
bo  uneconomical  to  do  so  In  view  of  (a)  the  typically  low  value  and  coat  of  the 
components,  (b)  the  ease  and  economy  with  which  corrective  action  cun  usually 
be  uchieved  oven  though  significant  conservatism  is  Included  in  the  test,  and  (c) 
the  most  Important  factor  that  the  adequacy  of  the  components  is  usually  more 
dependent  on  the  method  of  packaging  In  the  next  usscmbly  level  than  the 
configuration  of  the  component  Itself,  When  the  component  for  which  u  tost 
method  is  to  be  defined  Is  more  specialized  than  indicated  above,  a  standard  test 
method  is  usually  satisfactory.  However,  if  the  results  uf  such  a  test  indicate  the 
need  for  significant  design  changes,  the  test  method  selected  initially  should  bo 
reviewed  to  determine  If  a  more  reuilstlc  test  can  be  derived.  For  instance,  as  an 
example  of  the  gray  urcu  between  component  and  unit  assembly  levels,  expen¬ 
sive  components  such  as  gyroscopes  and  displuy  tubes,  which  uro  assembled  into 
units,  are  often  developed  for  u  unique  application.  In  such  cases,  the  value  of 
both  the  test  item  und  the  results  of  the  test  is  sufficient  to  Justify,  technically 
and  economically,  the  selection  of  more  specialized  test  conditions  und 
procedures. 

Unit  Tests.  The  selection  of  test  methods  for  testing  of  single  units  or  black 
boxes  is  influenced  in  part  by  the  nature  of  the  functional  characteristics  of  the 
unit  and  in  [art  by  the  nature  of  the  next  assembly  level,  If  any,  und  ussoelaled 
tests  at  that  level.  Some  units  muy  constitute  a  complete  functional  system  or 
subsystem,  such  as  a  communication  set,  to  be  installed  in  a  currier  vehicle.  In 
this  cuse,  evaluation  of  functional  performance  is  cleurcut  and  no  higher  assem¬ 
bly  level  tests  will  exist,  in  other  words,  the  selected  test  is  the  flnul  demonstra¬ 
tion  of  adequacy  by  test  prior  to  final  use.  In  many,  und  probably  the  vast 
majority,  of  eases  the  unit  under  tost  is  one  of  a  number  of  units  which  together 
constitute  a  functioning  subsystem  or  system.  In  tills  ease,  evaluation  of  func¬ 
tional  performance  during  vibration  exposure  will  bo  loss  definitive,  as  stated 
eurli'-r,  boeuusc  of  the  ubsence  of  system  interactions  between  the  various  units. 
In  addition,  the  necessity  of  evaluating  the  vuriution  of  fundamental  system 
parameters  indirectly  front  the  variation  of  one  or  more  measurable  parameters 
associated  with  the  single  unit  may  present  u  very  difficult  tusk.  Selection  of  the 
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tost  mothod  will  depend,  In  part,  on  whether  the  single  unit  Is  instullod  individu¬ 
ally  in  a  carrier  veliide  or  whether  it,  combined  with  soveral  othor  units,  will  be 
Installed  together  in  a  carrier  voliiele,  e.g,,  us  a  complete  spacecraft,  and  sub¬ 
jected  to  a  vibration  tost  at  this  higher  assembly  level,  In  the  former  situation, 
the  selection  of  u  test  method  Is  not  unlike  that  for  u  single  independently 
functioning  unit.  In  the  latter  case,  knowledge  of  the  tests  that  will  be  selected 
for  performance  at  higher  assembly  levels  should  influence  the  selection  of  unit 
test  .methods  to  ensure  the  ebmtr  *"  !hty  of  tho  tests  at  each  level  and  to  permit 
more  llborul  interpretation  of  .<  <-,nul  performance  degradation  of  the  unit 
during  test  since  confirmation  u.  :  ughor  assembly  lovel  tests  will  be  obtained 
lutor. 

The  appropriate  test  conditions  for  unit  tests  also  tend  to  bo  affected  by  tho 
two  classes  of  units  discussed  above.  A  single  Independently  functioning  unit  will 
probably  bo  Intended  for  a  vurloty  of  uses,  e.g„  a  radio  set  to  be  installed  In  a 
number  of  different  aircraft,  In  this  cuse,  as  with  component  tests,  the  test 
conditions  may  represent,  by  introduction  of  some  conservatism,  an  onvelopo  of 
expected  service  environments,  On  tho  othor  hand,  a  single  unit  falling  In  the 
second  class  will  probably  be  a  ’'tailor  made”  design  for  a  single  application  and 
environment,  The  tost  conditions  can  then  be  selected  to  reflect  the  more 
specialized  application  and,  to  u  rcusonablo  extent,  the  characteristics  of  tho 
liigher  assembly  lovel  for  which  tho  fundamental  test  conditions  are  probubly 
defined. 

Su bsystem/Systctn  Tests .  Tho  classification  of  certain  equipment  us  u  subsys¬ 
tem  or  a  system  is  often  ambiguous,  A  fire  control  “system”  may  be  considered 
a  subsystem  of  a  weapon  system,  for  example.  For  purposes  of  vibration  tost 
selection  however,  tho  exactitude  of  the  name  is  loss  Important  than  two 
characteristics  of  the  array  of  equipment  to  bo  testod,  First  is  tho  characteristic 
that  the  equipment  performs  one  or  more  fundamental  functions  which  cun  be 
measured  during  test  und  which  are  basic  to  satisfactory  end  use;  for  example,  to 
search  for,  acquire,  und  track  a  target  of  specified  character,  Second  is  the 
physical  characteristic  thut,  for  there  to  be  any  distinction  from  a  unit  test,  tho 
equipment  consists  of  a  collection  of  units,  most  or  ull  of  which  arc  integrated 
Into  a  common  supporting  structuro,  This  characteristic  generally  means  that  the 
test  object  Is  of  more  than  uveruge  size  and  weight  and  thut  lire  structural  aspects 
of  the  test  beoomo  more  significant,  Further,  tho  effects  of  the  Impedance 
cluiructerlstics  of  tho  test  object  and  the  structuro  of  the  service  installation 
must,  if  at  all  possible,  be  token  Into  account  lit  the  selection  of  tho  test  method 
und  conditions. 

A  fundamental  option  in  the  selection  of  a  system  test  method  is  whother  the 
complete  system  is  to  be  subjected  to  the  vibrution  excitation  or  whether 
Individual  units  or  tho  system  will  bo  subjected  to  the  vibrution  while  functional 
performance  of  the  eomplote  sy  stem  Is  observed.  A  third  choice  consisting  of  a 
mixture  of  the  first  two  is  obviou: ,  Whon  Individual  units,  in  turn,  ure  exposed 
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to  vibiution  while  functioning  wltiiin  the  system,  functional  performance  evalua¬ 
tion  is  clearly  more  realistic  than  during  a  unit  test.  However,  since  only  part  of 
the  systom  is  exposed  to  vibration,  the  additive  effects  of  degradation  within 
several  Units  arc  difficult  to  assess,  On  the  other  hand,  it  is  easy  to  identify  the 
culprits  when  degradation  of  performance  occurs. 

Configuration,  It  has  been  suggested  that  nothing  is  constunt  except  tire 
occurrence  of  changes,  Since  the  passage  of  time  between  the  selection  of  a  lost 
method  and  the  execution  uf  the  selected  test  may  certainly  involve  weeks  and 
often  many  months,  the  selection  process  must  recognize  the  potential  though 
unknown  changes  which  can  (or  will)  occur.  The  most  probable  changes  will  be 
In  the  ureu  of  the  configuration  of  the  test  object,  particularly  during  research 
and  development  programs.  By  the  time  u  test  method  has  been  selected,  the  test 
object  manufactured,  the  test  conducted,  and  the  icsults  evaluated,  It  will  often 
be  found  that  a  number  of  design  changes  will  have  occurred  which  were  not 
Included  In  the  configuration  of  the  test  object,  While  the  effects  of  configura¬ 
tion  changes  will  primarily  affect  the  evaluation  of  test  results,  the  test  method 
should  be  selected  with  u  view  toward  minimizing  these  effects. 

Function.  The  function  performed  by  the  tost  object  in  its  service  environ¬ 
ment  must  be  a  consideration  in  the  selection  of  an  appropriate  test  method. 

First,  if  adequacy  Is  to  be  demonstrated,  the  test  method  must  be  one  which 
permits  assessment  of  the  munner  In  which  lire  equipment  has  performed  its 
function,  either  directly  or  by  Indirect  means.  For  example,  the  function  of  u 
shipping  container  Is  to  prevent  damage  to  the  encased  equipment,  ldeully, 
adequuey  of  the  container  Is  demonstrated  by  observing  the  absence  ofdumugc 
to  this  equipment  alter  tost.  Frequently,  however,  the  adequuey  must  be  demon¬ 
strated  indirectly  by  showing  that  the  container  does  not  permit  vibration  In 
excess  of  some  level  to  be  experienced  by  the  encased  equipment. 

Second,  the  importance  or  criticality  of  the  function  of  the  test  object  must 
be  evaluated  in  selecting  the  appropriate  test  method.  For  example,  equipment 
whose  function  must  be  performed  very  precisely  at  u  given  time  may  require  a 
more  complex  test  method  than  emilpment  whose  function  is  more  general  and 
essentially  Independent  of  time  and  any  associated  equipment,  e.g,,  the  output 
of  an  unregulated  power  supply. 

In  addition,  the  number  uf  times  that  tills  function  has  to  be  performed  musl 
be  included  since  the  required  duration  or  repetition  of  the  test  must  be  defined. 
For  example,  if  some  part  of  the  test  object  must  be  rcpluccd  al  ter  $U  hours  ol 
operation  for  reusons  other  than  vibration  exposure,  the  test  method  selected  to 
demonstrate  equipment  adequacy  during  an  operational  lifetime  of  hundreds  of 
hours  must  tuke  cognizance  of  this  50-hour  limitation.  A  more  obvious  example, 
of  course,  Is  the  function  performed  by  any  type  of  “one-shot”  device,  from 
squib-operated  relays  to  missiles. 

Magnetic  Susceptibility.  It  is  often  necessary  during  the  selection  of  vibration 
tost  methods  to  evaluate  the  susceptibility  of  the  test  object  to  environments  to 
which  it  will  be  exposed  us  an  incidental  part  of  the  lest  method,  The  irios: 
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common  of  these  is  the  magnetic  Held  which  exists,  in  varying  strengths  for 
various  shukers,  in  the  vicinity  of  the  shaker  annuture.  Tire  functional  perform¬ 
ance  of  equipment  in  either  an  absolute  sense  or  when  combined  with  vibratory 
motion  may  be  adversely  affected  when  the  equipment  is  exposed  to  a  strong 
magnetic  field.  In  addition,  even  material  properties  such  as  damping  capacity 
may  change  In  some  cases,  While  test  conditions  should  not  change  for  equip¬ 
ment  susceptible  to  magnetic  fields,  the  test  setup  and  procedure  may  require 
modification  to  work  around  this  susceptibility. 

Hazardous  Operation,  The  final  test  object  characteristic  to  be  mentioned  Is 
consideration  of  any  factors  which  could  contribute  to  creating  hazardous 
conditions.  Tills  factor  must  be  considered  with  respect  to  both  normal  opera¬ 
tion  and  abnormal  conditions  which  might  occur  due  to  failure  during  or  at  the 
conclusion  of  test.  For  example,  the  autolgnltloh  of  explosive  material  has  been 
experienced  due  to  the  temperature  rise  created  by  energy  dissipation  during 
exposure  to  vibration. 

Success  or  Failure  Criteria 

Again,  according  to  the  basic  purpose  of  vibration  tests,  the  suitability  of  the 
test  object  cun  only  be  determined  If  some  measure  of  suitability  has  been 
defined  prior  to  test.  Crlterlu  for  success  or  failure  of  the  test  und/or  the  test 
object  can  then  be  derived  from  this  measure  of  suitability.  In  muny  cases,  these 
criteria  ure  self-evident  and  perbups  even  triviul.  For  example,  If  tire  purpose  of 
the  test  is  merely  to  determine  the  natural  frequencies  and  modes  of  u  structure, 
there  are  no  criteria  for  the  test  object  and  the  test  Is  successful  If  the  selected 
method  provides  this  information.  However,  if  It  is  required  that  a  suituble 
structure  must  huve  no  nuturul  frequencies  in  eertuin'frequcney  ranges  or  that  u 
minimum  damping  factor  for  caclt  mode  Is  necessary,  then  these  criteria  should 
be  established  beforehand  und  considered  in  the  selection  of  the  test  method. 

In  many  equipment  specifications,  the  vibration  requirements  state,  in  effect, 
that  the  equipment  "shall  be  undamaged  by  and  shall  provide  satisfactory 
functional  performance  during  and  after  exposure  to  the  following  vibration 
conditions."  Of  couise,  depending  on  test  purpose,  performance  during  exposure 
may  or  may  not  be  required.  Nevertheless,  it  is  clear  that  criteria  to  define 
damuge  and  satisfactory  performance  ure  needed. 

If  cumulative  fatigue  damage  theory  has  any  merit.  It  is  probably  nevei 
possible  to  stute  thut  equipment  Is  "undamaged”  after  vibration  exposure. 
However,  it  is  possible  to  establish  crlterlu  for  success  based  on  limiting  the 
damuge.  For  example,  the  amount  of  wear  In  a  bearing  or  other  mechanical 
connection,  the  change  of  transmisslblllty  or  static  deflection- of  a  vibration 
Isolutor  or  the  change  in  drift  rate  of  a  gyro  are  parameters  thut  can  be  meusured 
and  used  us  criteria  besides  the  obvious  ones  of  luck  of  complete  fracture  or 
fatigue  cracks  in  the  test  object. 

Compared  to  damage  criteria,  establishment  of  criteria  for  satisfactory  func¬ 
tional  performance  Is  usually  very  difficult  und  quite  complex,  depending  on  the 
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usscmbly  level  under  test.  As  is  the  case  with  dumuge  criteria,  most  test  objects 
will  exhibit  some  degradation,  or  at  leust  change,  of  functional  performance 
when  exposed  to  vibration.  Unless  damage  has  occurred,  this  will  disappear  when 
the  vibrution  excitation  is  discontinued.  Therefore,  criteria  for  permissible 
changes  in  functional  performance  must  be  established.  It  is  impossible  to  define 
all  these  criteria  in  this  monogruph,  but  the  following  fundamental  factors  must 
be  considered; 

1,  Is  a  particular  mode  of  operation  required  under  the  vibration  conditions 
to  be  simulated? 

2.  Is  the  permissible  variation  related  quantitatively  to  the  Intended  use 
rather  than  to  specification  values  which  typically  reflect  manufacturing 
variability? 

.1,  Has  the  permissible  variation  taken  into  uccount  any  tost  acceleration 
factors  used  to  establish  the  vibrution  conditions? 

4.  Are  the  spectral  (he,,  frequency)  characteristics  of  the  permissible  varia¬ 
tion  adequately  defined? 

5.  Hus  apparent  variability  due  to  measurement  error  been  accounted  for? 

6.  Huve  permissible  and  nonpcrmlsslble  adjustments  been  identified? 

The  next  step  after  defining  criteria  for  success  or  failure  of  the  entire  testis 
the  definition,  again  before  Initiating  test,  of  criteria  needed  for  decision  making 
when  a  fuilure  hus  occurred  or,  In  the  case  of  reliability  testing,  when  a  success 
has  occurred.  Primarily,  these  criteria  are  needed  during' formal  qualification 
tests  und  are  concerned  with  questions  such  us 

1.  Should  the  test  object  be  repaired  or  replaced  after  fuilure  occurrence? 

2.  Should  the  test  sequence  be  repeated  or  continued  from  the  point  of 
failure? 

3.  Can  additional  testing  of  an  investigative  or  trouble-shooting  nature  be 
initiated  and,  If  so,  to  what  extent  and  of  what  type? 

4,  Should  the  failure  lie  confirmed  on  a  second  test  object? 

5,  How  many,  if  any.  failures  are  permissible  before  the  test  Is  considered 
unsuccessful? 

6,  Is  the  failure  of  such  magnitude  that  testing  should  be  discontinued? 

By  now  the  reader  must  have  become  aware  that  the  detlnltion  of  success  or 
failure  criteria  is  very  closely  related  to  the  definition  of  test  purpose  discussed 
In  un  earlier  section,  Hopefully,  he  is  also  aware  of  the  Importance  and  value  to 
be  guined  when  these  considerations  are  made  prior  to  the  performance  of  the 
tests.  It  Is  all  too  easy  to  fall  into  the  trup  of  proceeding  on  a  basis,  best 
described  colloquially,  of,  "Let’s  run  a  test,  see  what  happens,  and  then  play  it 
by  ear.”  Tests  performed  with  ill-defined  purposes  are  unlikely  to  yield  useful 
and  valid  results, 

It  muy  not  be  so  obvious  that  consideration  of  success  or  failure  criteria  prior 
to  selection  of  test  method  is  almost  as  important.  The  method  selected  may 
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well  be  very  dlffcicnt,  depending  on  whether  these  criteria  are  of  u  “go-  no  go’ 
type  or  of  u  threshold  type.  For  example,  a  different  test  method  would  he 
selected  depending  on  whether  It  is  required  that  a  reluy  not  chatter  under 
certain  conditions  or  whether  the  level  at  which  chatter  will  occur,  as  a  function 
of  frequency,  is  to  be  measured.  As  another  example,  when  the  complete 
vibration  tost  consists  of  scverul  parts,  each  with  differing  detailed  purposes, 
the  selection  of  test  method  should  reflect  this  situation.  For  example,  when 
part  of  the  test  is  to  demohsirute  functional  performance  and  part  Is  to 
demonstrate  structural  Integrity,  it  Is  often  advlsabln  to  complete  ull  testing 
for  the  first  part  prior  to  starting  testing  for  the  second  purt,  Again,  if  a  test 
to  failure  under  swept  sinusoidal  vibration  Is  to  be  conducted,  a  large  num¬ 
ber  of  relatively  short-duration  sweeps  Is  preferable  to  a  small  number  of 
very  slow  sweeps  since  the  former  will  provide  better  resolution  of  time  to 
failure, 

ll  Is  not  intended  to  suggest  tliui  the  criteria  discussed  above  will  ull 
be  found  entirely  satisfactory  once  lasting  has  been  Initiated.  After  all,  if 
one  knew  everything  that  would  happen,  It  would  probably  be  unncccs- 
sa""  to  run  the  test.  However,  if  a  set  of  criteria  huve  been  established  In 
tl  elutlve  calm  prior  lu  tost,  uny  modification  or  additions  to  the  cri- 
ten,  which  develop  and  the  neccssury  engineering  decisions  required  under 
the  usual  pressure  of  test  conduct  will  be  established  on  a  more  rutlonul 
basis. 

Replication  of  Tests 

Because  of  the  Inherently  destructive  nature  of  vibrution  tests  compared  to 
many  oilier  environmental  tests,  the  opportunities  to  replicate  vibration  tests  are 
rather  rare.  Yet  experience  and  the  literature  Illustrate  the  wide  vuriutlon  of 
fatigue  and  dumping  properties  of  almost  ull  materials  and  thus  indicate  the 
desirability  of  replicating  vibrution  tests,  he.,  conducting  the  "sume”  test  on  a 
number  of  "identicur  samples,  using  the  principles  of  statistical  design  of 
experiment  to  yield  significant  test  results.  The  opportunities  to  replicate  tests 
generally  are  found  in  component  or  piece-part  testing  and  hi  quality  assurance 
testing  of  higher  assembly  levels. 

Significance  of  Test  Results 

The  results  of  vibrution  tests  may  huve  significance  In  u  number  of  nontechni¬ 
cal  areas,  such  as  cost,  schedule,  etc.  The  consideration  here,  however,  Is  the 
technical  significance  or  validity  or  vuluc  of  the  test  results.  Most  often,  this 
consideration  arises  In  connection  with  failures  during  test  but  probubly  should 
be  mude  more  frequently  in  connection  with  successful  tests,  If  this  considera¬ 
tion  Is  mude  ufter  testing  is  Initiated,  clearly  no  effect  on  selection  of  lest 
method  will  occur.  However,  prior  consideration  of  this  factor  will  often  assist  in 
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selection  of  tho  optimum  method.  Typical  of  the  questions  which  musl  be 
answered  to  evaluate  the  significance  of  the  test  results  are 

1.  Is  the  configuration  of  the  test  object  representative  of  the  equipment  In 
use? 

2.  Are  the  vlbrutlon  test  conditions  well  defined  mid  an  adequate  simulation 
of  service  conditions? 

3.  Are  the  excitation  und  control  methods  satisfactory? 

4.  Is  the  test  object  attachment  realistic? 

5.  Is  the  test  sumplo  size  adequate? 

6.  What  Is  the  significance  of  variability  in  botli  test  object  and  test 
conditions? 

2,2  Test  Conditions 

The  general  considerations  In  the  selection  of  a  vlbrutlon  test  discussed  in  the 
previous  sections  have  been  primarily  Indirect  factors  In  the  selection  process.  In 
this  section,  the  parameters  which  mint  be  selected  to  properly  define  the  test 
conditions  are  discussed.  These  parameters  include  descriptions  of  the  vibration 
Itself  with  recognition  of. the  Inherent  simulation  characteristics,  the  locations 
for  excitation  of  the  test  object  and  control  of  the  lest  level,  the  required  datu, 
and  finully,  the  required  accuracy, 

Selection  of  Vlbrutlon  Conditions 

The  vibration  conditions  which  must  be  sped  tied  to  define  a  vlbrutlon  test 
are  (1)  excitation  parameter,  e.g.  motion,  force,  etc,;  (2)  waveform,  (directly  or 
Indirectly);  (3)  fnsqucncy  range;  (4)  duration;  and  (5)  level  as  a  function  of 
frequency,  bach  of  these  conditions  cun  generally  be  specified  independently, 
although  the  simulation  characteristics  of  the  test  arc  affected  by  Interrelation¬ 
ships  between  these  par u meters. 

The  actual  selection  of  the  conditions  can  be  made  through  three  basic 
approaches.  First  and  most  directly,  when  the  purpose  of  the  test  permits,  Is  the 
selection  of  a  sol  of  conditions  which  reproduce  the  expected  environment  to 
the  greatest  extent  that  is  technically  and  economically  feasible.  The  second 
approach  is  less  direct  and  Is  based  on  selection  of  a  set  of  test  condlth-  .  which 
will  cause  the  same  effects  to  be  manifested  in  the  lest  object  us  would  exposure 
to  the  expected  environment.  The  third  approach  is  essentially  un  arbitrary 
selection  of  conditions,  based  mainly  on  precedent  und  experience,  which  will 
achieve  a  specific  purpose  without  regard  to  the  simulation  considerations 
inherent  in  the  first  two  approaches. 

Excitation  Purameter(s).  When  the  vibration  conditions  are  to  be  described  in 
terms  of  a  single  excitation  parameter,  the  selection  is  rather  simple  since  motion 
displacement,  velocity,  acceleration)  and  applied  force  are  the  two  param¬ 
eters  which  can  bo  created  and  controlled  in  the  laboratory,  When  the  descrip¬ 
tion  of  test  conditions  Is  In  terms  of  both  motion  and  applied  force,  some  form 
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of  impedance  testing  is  prescribed  Since  the  excitation  at  a  particular  point 
produced  by  a  single  shaker  cun  only  reuct  to  otu  control  signal  at  any  instant, 
such  a  description  may  take  two  buslc  forms,  In  one  case,  the  motion  Is  specified 
together  with  the  constraint  that  some  limiting  force  is  not  exceeded,  or  vice 
versa,  Thus  the  excitation  parameter  may  shift  from  motion  to  force  and  back  to 
motto t  at  various  points  In  the  frequency  range,  In  the  second  case,  the 
excitation  parameter  Is  defined  In  terms  of  some  mathematical  combination  of 
motion  and  force,  usually  as  a  function  of  frequency,  which  is  an  impedance  test 
in  the  truest  sense. 

Clearly  the  selection  of  the  excitation  parameter  depends  on  the  data 
available  to  define  the  other  test  conditions  discussed  below,  Since  mea¬ 
surement  of  the  dynamic  service  environments  is  almost  entirely  in  terms  of 
motion.  It  Is  not  surprising  tlral  almost  all  vibration  tests  arc  specified  in  terms 
of  motion. 

Waveform,  The  selection  of  the  appropriate  waveform  which  defines  the  time 
variation  of  the  excitation  parameter  is  essentially  limited  to  five  practical 
possibilities:  (I )  sinusoidal,  either  fixed  ot  variable  frequency;  (2)  random  with 
approximately  (iaussiun  statistical  properties;  ( 3)  a  combination  of  1  and  2;  (4) 
complex  periodic  waveforms;  und  (5)  playback  of  recorded  time  histories.  Tire 
circumstances  in  which  tire  selection  of  a  particular  waveform  may  be  made  arc 
described  qualitatively  below. 

Simulation  of  Environment.  If  the  basic  appro,  r  to  the  selection  of  test 
conditions  is  to  be  followed,  i,e„  reproduction  of  the  service  environment,  then 
the  selected  waveform  should  reproduce  the  essential  deterministic  and/or  statis¬ 
tical  characteristics  of  that  environment.  It  might  appear  thui  the  fifth  option 
listed  above  would  be  the  immediate  choice  in  tills  case.  However,  for  a  number 
of  reasons,  such  as  the  atypicality  of  the  recorded  time  history,  the  unknown 
and  uncontrollable  effects  of  amplitude  und  phase  distortion,  the  inherent  risk 
of  open-loop  test  control,  etc,,  it  is  believed  that  the  apparent  advantages  of  this 
method  of  achieving  the  desired  waveform  are  largely  Illusory  and  tlrat  this 
approach  is  suitable  only  in  very  special  and  restricted  circumstances.  If  the  time 
history  is  not  to  be  reproduced,  then  tire  major  waveform  characteristics  which 
must  be  reproduced  are  (1)  the  spectral  characteristics,  l.e.,  the  variation  of 
intensity  with  frequency;  (2)  the  statistical  characteristics  of  either  the  instan¬ 
taneous  or  peak  values  of  the  ware  form  In  terms  of  the  appropriate  probability 
density  functions  or  correlation  functions;  and  (3),  when  multiple  control- 
excitation  parameters  are  involved,  the  interrelationships  between  these  param¬ 
eters,  such  as  relative  phase,  co-  and  quadspectral  densities,  ur  cross-correlation 
functions.  While  a  discussion  of  the  determination  of  these  waveform  parameters 
from  service  environment  data  is  beyond  the  scope  of  this  work,  it  can  be  said 
tlrat  fixed-  or  variable-frequency  sinusoidal  waveforms  rarely  reproduce  the 
desired  characteristics  of  lire  service  environment  and  thus  will  be  infrequently 
selected  if  the  environment  is  to  be  simulated.  On  the  other  hand,  it  has  been 
found  that  the  waveform  characteristics  of  a  random  noise  signal  with  Gaussian 
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or  normally  distributed  amplitudes  and  appropriate  spectral  shaping  will  gen¬ 
erally  reproduce  the  essential  characteristics  of  the  service  environment  and  lead 
to  selection  of  the  second  option  above.  Exceptions  to  the  above  statements  .arc 
found  In  several  instances.  For  example,  the  vibration  due  to  high-rate  gunfire  In 
aircraft  may  be  readily  simulated  by  a  pulsed  or  complex  periodic  waveform  as 
described  in  Chapter  3  [17].  Again,  the  vibration  in  helicopters  includes 
motion  at  the  fundamental  rotor  frequency  and  its  harmonics,  he.,  complex 
periodic  motion,  which,  conceptually  at  least,  could  be  selected  as  the  waveform 
for  testing  purposes.  The  selection  of  u  combination  of  slnsoldal  plus  random, 
waveforms  achieved  some  popularity  for  testing  of  early  spacecraft  when  It  was 
found  that  certain  solid  rocket  motors  exhibited  a  "screech’'  which  could  be 
characterized  as  a  sweeping  sinusoid  superimposed  on  the  typical  broadband 
random  excitation.  Clearly  this  basic  approach  to  lire  selection  of  waveform  can 
only  be  followed  if  sufficient  data  to  describe  or  accurately  predict  the  usage 
environment  are  available.  If  such  data  are  available,  then  selecting  the  appropri¬ 
ate  waveform  is  quite  straightforward. 

Simulation  of  Environmental  Effects,  The  approach  of  selecting  the  vibration 
waveform  for  test  which  will  simulate  the  effects  of  the  vibration  waveform 
encountered  In  service  has  several  implicit  limitations.  First,  it  implies  that  the 
effects  of  the  service  environment  on  the  probably  as  yet  unused  equipment  ure 
known,  Second,  It  implies  that  the  effects  of  the  test  environment  on  the  as  yet 
untested  equipment  are  also  known,  Third,  regarding  waveform,  It  is  Implied 
that  the  relationships  between  the  service  waveform  and  service  effects  and 
between  the  test  waveform  and  test  effects  are  understood.  A  little  reflection  is 
sufficient  to  eotne  to  the  realization  that  this  approach  can  be  taken  only  on  the 
basis  of  past  experience  with  similur  equipment  and  us  a  means  of  modifying  the 
previous  approach  of  direct  simulation  of  the  environment  to  achieve  more 
practical  and  economical  test  conditions. 

Arbitrary  Selection.  Selection  of  waveform  based  on  either  simulation  of  the 
environment  or  simulation  of  the  effects  of  the  environment  is  implicitly  related 
to  tests  intended  to  demonstrate  adequacy  in  a  service  environment.  As  dis¬ 
cussed  previously,  u  number  of  tests  have  purposes  which  are  only  indirectly 
related  to  the  service  envhonment  and  for  which,  therefore,  the  waveform  muy 
be  selected  arbitrarily  to  best  suit  the  purpose  of  the  test. 

The  most  common  example  of  this  situation  is  found  In  those  tests  conducted 
to  determine  the  dynamic  characteristics  of  the  test  item,  i.e.,  the  natural  fre¬ 
quencies  and  modes, the  frequency  response  or  transfer  functions,  etc,  Two  basic 
waveforms  may  be  selected  for  this  purpose.  Fiist.a  slowly  swept  sinusoidal  ex¬ 
citation  over  the  desired  frequency  range  may  be  used.  Alternatively,  tt  broad¬ 
band  random  excitation,  typically  but  not  necessarily  with  constant  spectral  den¬ 
sity,  may  be  used.  A  third  possibility  of  using  a  shock  or  impulsive  excitation 
Is  described  in  the  literature  [18,lli| ,  The  choice  between  the  swept  sinusoidal 
and  broadband  tandom  excitations  should  he  based  on  the  following  factors: 

1.  The  nature  of  the  waveform  specified  for  the  design  requirements. 
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2,  The  nuture  of  the  waveform  expected  In  the  service  environment. 

3.  Hie  availability  of  trucking  and  other  ancillary  equipment  for  the  analysis 
of  swept  sinusoidal  sigtiuls. 

4,  The  uvullabillty  of  spectral  analysis  equipment  for  analysis  of  random 
vibration  signals. 

5.  The  duration  of  excitation  required. 

6.  The  most  convenient  format  for  further  processing  of  the  analyzed  data. 

7,  The  relative  total  cost  of  the  two  approaches. 

Following  chapters  describe  the  above  factors  in  greater  detail.  It  is  appropri¬ 
ate,  however,,  to  indicate  here,  In  qualitative  terms,  the  manner  in  which  these 
factors  affect  the  choice  of  approach.  If  the  test  item  were  a  perfectly  linear 
system,  the  first  two  factors  would  be  immaterial.  However,  recognizing  the 
inherent  nonlinearities  of  physical  systems,  it  is  desirable  to  measure  the  transfer 
functions,  etc.,  with  the  same  excitation  waveform  (and  intensity)  us  service 
excitations  in  order  to  minimize  the  complex  effects  of  nonlineurities,  particu¬ 
larly  those  evident  in  the  damping  properties. 

The  next  two  factors  are  obviously  interrelated.  Aguln  due  to  nonlineurities, 
this  time  in  both  test  equipment  and  test  item,  it  is  found  thut  the  sinusoidal 
excitation  and  response  will  be  rich  in  distortion  at  many  frequencies,  particu¬ 
larly  at  tlie  natural  frequencies  which  are  generally  of  most  interest.  Therefore,  to 
obtain  valid  transfer  functions,  it  is  necessary  to  remove  this  distortion  from  each 
signal  by  filtering  prior  to  the  comparison  of  the  relutivc  amplitudes  and,  when 
necessary,  phase  of  the  two  signals,  When  random  cxeltution  is  employed,  rapid 
and  accurate  spectral  analysis  equipment  must  be  available,  if  single-point  excita¬ 
tion  is  employed,  simple  power  (or  aulo)  spectral  density  analysis  will  suffice, 
providing  phase  relationships  are  not  required.  If  multipoint  excitation  and/or 
phase  relationship,  arc  required,  It  is  necessary  to  compute  cross  spectral  densi¬ 
ties  (both  co  and  quad)  in  addition,  thus  complicating  the  data  reduction  require¬ 
ments.  An  alternative  and  unalagous  approach  to  data  analysis  of  random  excita¬ 
tion  is  the  use  of  auto-  and  crosseon elation  analyses,  combined  with  Fourier 
transformations.  In  terms  of  data  reduction  complexity  and  equipment  require¬ 
ments,  tlie  spectral  and  correlation  methods  are  approximately  equivalent, 

The  fifth  factor  relates  to  the  possibility  of  damage  to  the  test  item  during 
exposure  to  the  selected  excitation.  Since  the  complete  excitation  frequency 
spectrum  is  excited  by  broadband  random  excitation,  this  approach  permits  the 
required  data  to  be  obtained  during  a  very  short  exposure,  of  the  order  of  10  to 
20  sec.  It  should  be  noted  that  the  usually  stringent  requirements  on  the 
bandwidth-time  product  for  statistical  accuracy  of  spectral  analyses  do  not  apply 
since  the  statistical  errors  effectively  “cancel  out”  when  the  spectra  are  ratioed 
to  obtain  transfer  functions,  provided  the  same  time  sample  of  data  Is  used  for 
each  signal. 

The  sixth  factor  regarding  tlie  further  processing  of  the  analyzed  data  should 
probably  receive  the  most  consideration  but  often  is  given  scant  attention.  With 
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the  increasing  use  of  digital  computation  in  structural  and  dynamic  analysis,  the 
outputting  of  reduced  data  from  tests  in  digital  form  for  further  processing,  such 
as  comparison  of  experimental  and  analytical  results,  becomes  increasingly 
desirable  from  a  time  and  cost  standpoint,  At  the  present  time,  random  vibration 
data  are  more  readily  adaptable  to  such  formatting  than  those  obtained  from 
sinusoidal  excitation,  In  any  case,  proper  design  of  the  complete  experiment 
requires  that  the  complete  data  analysis  and  evaluation  process  be  considered 
when  selecting  tho  type  of  excitation  for  the  test  phase. 

Regarding  the  last  factor,  It  is  again  necessary  to  examine  the  complete 
experiment  to  determine  the  relative  costs  of  the  two  approaches.  A  relatively 
inexpensive  test  which  yields  datu  which  must  be  laboriously  transcribed  fur 
evaluation  may  well  be  u  poor  bargain  compared  to  a  more  expensive  test  which 
yields  the  required  datu  in  u  convenient  format, 

A  further  example  of  the  arbitrary  selection  of  vibration  waveforms  arises  in 
the  selection  of  waveform  for  quulity  assurance  or  proof-of-workmanshlp  tests. 
The  objective  here  is  io  select  a  waveform  which  will  efficiently  reveal  defects  In 
the  lest  item  while  avoiding  the  occasion  of  dumugc.  All  the  traditional  wuve- 
forms  huve  been  employed  for  tills  purpose.  In  addition  [20,21]  complex 
periodic  wuveforms  with  rich  harmonic  content,  such  us  those  produced  by 
certain  reaction-type  vibrators  with  impact  loading,  huve  been  used  widely.  The 
adequacy  of  the  wuveform  selected  can  only  be  judged  after  the  fact,  based  on 
the  subsequent  failure  history  in  equipment  so  tested.  However,  It  lias  been 
observed  that  those  wuveforms  which  may  be  considered  broadband,  whether 
deterministic  or  not,  do  appear  to  be  relatively  more  efficient  In  revealing 
workmanship  errors  in  assembled  equipment,  For  example,  detection  of  insuffi¬ 
ciently  torqued  screws,  missing  lockwashers,  etc.,  is  quickly  achieved, 

Frequency  Runge,  Selection  of  the  frequency  range  over  which  the  vibration 
intensity  is  to  be  specified  for  a  test  usually  requires  little  more  than  some 
common  sense,  First,  the  frequency  range  over  which  the  available  vibration  test 
equipment  can  provide  the  required  vibration  intensity  and  wuveform  provides 
lower  and  upper  bounds.  Displacement  capability  typieully  limits  the  lower 
frequency  cutoff,  while  the  frequency  response  of  the  complete  vibration 
system,  Including  control  equipment,  defines  the  upper  frequency  limits,  Be¬ 
yond  equipment  limitations  the  purpose  of  the  test  in  conjunction  with  the 
dynamic  characteristics  of  the  test  Item,  either  known  or  estimated,  can  be  used 
to  limit  the  required  frequency  range  to  avoid  unnecessary  expense  in  both 
testing  and  data  processing.  Since  response  datu  of  Interest  and  equipment 
damage  arc  generally  observed  ut  the  nuturul  frequencies  of  the  test  item,  testing 
more  than  an  octave  below  the  lowest  natural  frequency  of  the  test  Item  is 
unlikely  to  be  particularly  fruitful  (unless  one  Is  calibrating  a  transducer,  for 
example).  On  the  other  hand,  there  is  little  to  be  gained  by  testing  to  an  upper 
frequency  which  is  beyond  the  upper  frequency  at  which  damage  or  malfunction 
occurs,  or  beyond  which  either  the  excitation  intensity  or  response  characteris¬ 
tics  are  known  or  understood.  In  fact,  experience  Indicates  that  speciflcat’on  of 
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test  conditions  to  unnecessarily  high  frequencies  frequently  leads  to  serious 
misinterpretations.  Fur  example,  with  sufficient  bandwidth,  rather  large  overall 
rms  accelerations  result  from  moderate  spectral  density  values.  While  this  exam¬ 
ple  may  seem  almost  pathetic,  it  is  nevertheless  real, 

Test  Duration  The  selection  of  test  duration  discussed  below  and  the  selec¬ 
tion  of  test  level  discussed  in  the  next  section  are  very  closely  interrelated,  With 
few  exceptions  physical  failure  during  vibration  occurs  through  fatigue  of 
materials.  Thus  the  likelihood  of  failure  is  directly  coupled  to  the  duration  of 
the  test. 

Tlie  motto  of  a  vibration  test  activity  might  well  be,  "If  we  shake  it  hard 
enough  or  long  enough,  we  cun  break  it,"  However,  if  the  duration  is  to  be 
selected  by  one  who  is  less  destructively  Inclined,  then  three  options  are 
available:  (1)  duration  based  on  simulation  of  service  life,  (2)  duration  which 
will  uncover  a  satisfactory  fraction  of  potential  failures,  and  (3)  duration  which 
will  achieve  the  purpose  of  the  test. 

Selection  of  a  test  duration  based  on  operational  life  may  be  very  straightfor¬ 
ward,  such  us  in  die  case  of  spacecraft  and  boosters,  ground-launched  missiles, 
etc.,  where  simulation  of  the  complete  vibration  exposure  amounts  to  a  few 
minutes’  test  duration.  On  the  other  hand,  direct  simulation  of  the  vibration 
exposure  of  airborne  equipment  which  may  lust  lor  hundreds  of  hours  over  u 
wide  range  of  Intensities  is  completely  impractical.  In  this  cuse,  a  test  duration 
must  be  derived  which,  based  on  some  acceptable  model  for  fatigue  damage 
accumulation,  Is  equivalent  to  the  service  environment.  This  derivation  would 
logically  lead  to  u  test  duration  at  ,.:e  maximum  expected  Intensity  which  Is 
equivalent  to  the  Integration  of  the  cumulative  effects  of  varying  durations  at 
varying  intensities  up  to  and  including  the  maximum  expected  Intensity.  This 
might  not  be  considered  un  accelerated  test  in  the  usual  sense  of  the  term  even 
though  simulation  of  the  service  life  Is  accomplished  in  an  accelerated  manner.  If 
the  test  duration  so  derived  Is  still  impruclleaily  long,  then  the  duration  of  an 
accelerated  test  in  the  usual  sense  of  the  term,  conducted  at  an  Intensity  greater 
by  some  factor  than  expected  in  seivice,  may  be  derived  using  the  same  model 
for  fatigue  damage  accumulation.  It  should  be  noted  that  the  above  derivations 
should  be  curried  out  Independently  of  any  factor  of  sufety  or  ignorance  which 
Is  to  be  arbitrarily  applied  to  either  duration  or  intensity.  Chapter  3  describes 
quantitatively  the  methods  of  deriving  test  durations  in  this  fashion.  An  approxi¬ 
mate  rule  of  thumb  relating  duration  and  Intensity  is  that  a  3-dB  Increase  in 
intensity  (.doubling  of  spectral  density)  is  equivalent  tn  a  factor  of  ten  in 
reduction  of  duration. 

As  discussed  further  in  Chapter  3,  the  approximate  duration  to  be  simulated 
may  be  described  either  in  time,  yielding  more  cycles  of  motion  at  higher 
frequencies,  or  In  cycles,  yielding  shorter  time  durations  ut  higher  frequencies. 
The  latter  case  is  more  likely  under  the  second  option  mentioned  previously 
when  a  certain  fatigue  life,  In  cycles,  corresponding  to  an  effective  endurance 
limit,  is  to  be  demonstrated, 
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Laboratory  experience  in  vibration  testing  seems  to  indicate  that,  for  a  given 
vibration  Intensity,  most  failures  thut  are  going  to  occur  will  occur  in  the  first 
few  minutes  of  test,  regardless  of  the  type  of  vibration  waveform,  etc.  Tills 
experience  is  substantiated  by  the  experience  in  product  assurunce  lusting 
described  by  Kirk  [21],  In  this  program,  consisting  of  some  1 1,000  tosts,  It  was 
found  that  essentially  all  workmanship  failures  occurred  within  15  min,  If  these 
results  may  be  considered  typical,  a  logical  means  of  selecting  a  test  duration 
which  will  detect  a  satisfactory  percentage  of  potential  falluies  is  thus  available, 
Of  course,  the  foregoing  seems  to  fly  in  the  face  of  cumulative  fatigue  dumage 
theory,  However,  If  one  postulates  thut  most  failures  In  vibrutlon ,  tests  are 
Initiated  by  an  imperfection  of  some  kind  which  causes  severe  stress  concentra¬ 
tion,  then  failure  is  due  mure  to  exceeding  the  ultimate  strength  or  the  low  cycle 
fatigue  life  rather  than  the  sloping  portion  of  the  normal  endurance  curve  to 
which  cumulative  damage  is  applicable. 

Aithuugh  titc  third  option  listed  above  might  be  considered  a  catchall  cover¬ 
ing  any  situation  In  which  the  first  and  second  options  do  not  apply,  logicu! 
selection  of  minimum  durations,  based  on  the  test  purpose,  may  be  made  in  (he 
following  cases: 

1,  Selection  of  duration  required  to  verify  satisfactory  functional  perform¬ 
ance,  l.e„  how  long  does  It  take  in  check  out  the  equipment.  This  is  often  used 
in  conjunction  with  an  accelerated  tesl  during  which  degraded  performance  Is 
allowed, 

2,  Selection  of  u  duration  consistent  with  ihe  capabilities  of  vibrutlon  tesl 
equipment.  e,g„  u  sweep  rule  slow  enough  to  permit  accurate  level  control  by 
the  servos. 

d,  Selection  of  a  duration  consistent  with  minimum  dutu  requirements  for 
dutu  analysis  procedures.  For  example,  a  sweep  rate  slow  enough  for  uccurute 
analysis  with  tracking  filters.  X-Y  plotters,  etc.  Or,  us  another  example,  u 
durution  sufficient  for  adequate  statistical  accuracy  In  analysis  of  random 
vibration. 

4.  Selection  of  a  duration  consistent  with  achieving  desired  lost  object 
response.  For  exumplc,  a  sweep  rate  slow  enough  to  permit  quusl  steady  stale 
response  (sec  Chapter  3)  or  fast  enough  to  simulate  a  transient  excitation. 

5,  Selection  of  a  duration  consistent  with  instrumentation  und  data  acquisi¬ 
tion  capabilities,  c,g„  the  length  (timewise)  of  a  reel  of  magnetic  lupe. 

Muny  similar  buses  for  selection  of  lust  duration  in  this  category  will  un¬ 
doubtedly  come  to  the  reader’s  mind. 

The  most  difficult  problem  In  the  selection  of  test  duration,  particularly  If  It 
is  to  be  based  on  simulation,  hus  to  do  with  the  direction  or  directions  of 
excitation.  Vibration  tests  arc  typleully  conducted  for  a  stated  duration  in  each 
of  three  orthogonal  uxes,  one  uxls  at  u  time,  Generally.  If  Ihe  environment  to  be 
simulated  culls  tor  a  certain  duration,  say  T  min,  then  the  tesl  will  consist  of 
excitation  lor  T  min  in  each  axis,  for  a  total  duration  of  JT  min.  However,  It  is 
an  unusual  test  object  which  does  noi  icspond  rather  omnidirectionally,  at  least 
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in  some  resonant  frequency  bands,  Furthermore,  it  is  unusual  if  the  vibration 
exciter,  when  loaded,  docs  not  produce  significant  crosstalk  excitation  in  a  few 
frequency  hands.  This  approach  is  thus  demonstrably  conservative.  However,  the 
degree  of  conservatism  is  unknown  and  therefore  a-determinution  of  the  appro¬ 
priate  reduction  of  test  time  per  axis  Is  Impossible.  However,  the  conservatism  is 
probably  less  penalizing  than  that  engendered  by  misguided1  attempts  to  solve 
the  problem  by  exciting  in  one  direction  only  at  a  level  whose  vector  compo¬ 
nents  in  the  three  orthogonal  axes  are  equal  to  the  required  levelsi  l,c„  for  equal 
components,  test  at  an  amplitude  of  J3  or  1,73  times  the  specified  amplitude. 

Test  Level,  A  detailed  discussion  of  methods  of  selecting  vibration  test  levels 
is  far  beyond  the  scope  of  this  monograph,  particularly  where  the  test  level  is 
intended  to  simulate  u  service  environment,  The  first  monograph  in  this  scries  by 
R.  H.  Lyon  (SVM*1),  Random  Noise  and  Vibration  in  Space  Vehicles,  [22], 
was  addressed  to  this  topic  for  space  vehicles.  The  extensive  bibliography  in  that 
work  and  Refs.  23  through  27  of  this  monograph  will  lead  the  reader  to  the 
appropriate  literature  regarding  the  prediction  of' vibration  environments  for 
various  clusses  of  equipment.  However,  the  next  step  of  translating  a  given 
measured  or  predicted  environment  into  a  meaningful  test  is  probably  us  impor¬ 
tant  and  certainly  equally  difficult, 

In  fact,  two  steps  ure  really  involved  here.  First,  tile  environment  must  be 
translated  into  u  meaningful  set  of  design  requirements.  The  second  step  then 
consists  of  developing  u  set  of  test  requirements  which  will  demonstrate  compli¬ 
ance  with  the  design  requirements, 

in  principle,  differences  may  logicully  exist  between  the  design  requirements 
und  lest  requirements,  These  differences  may  reilcct  Inherent  limitations  of 
vibration  testing  equipment  such  as  maximum  displacement,  minimum  or  maxi¬ 
mum  practical  frequency  range,  output  power  capability,  etc.,  In  addition  to 
such  factors  us  test  acceleration,  uniaxial  testing,  etc.  In  pruclicc,  it  is  unfor¬ 
tunately  true  that  the  test  requirements  frequently  tend  to  become  the  govern¬ 
ing  design  parameter  due  to  two  major  inadequacies  in  present  methods  of 
selecting  or  deriving  test  conditions,  which  lead  to  unknown  conservatism, 
particularly  in  test  levels. 

First,  the  inability  to  account  adequately  for  the  differences  In  Impedance 
characteristics  botween  the  usuge  installation  und  the  test  configuration  leads  to 
the  definition  of  test  level  In  terms  of  input  motion  to  the  test  item.  .Such  a 
definition  automatically  creates  a  test  configuration  whloh  effectively  lias  in¬ 
finite  output  impedance  at  the  Interface  between  the  test  Item  and  the  test 
fixture,  In  other  words,  no  matter  how  the  test  item  responds  to  the  excitation 
nor  how  much  force  is  required  to  crcute  the  required  motion,  the  test  level  is 
unchanged. 

Second,  test  levels  ure  generally  bused  on  data  meusurod  under  a  variety  of 
conditions  at  u  number  of  locations^  on  a  structure  or  equipment  which  is 
hopefully  representative  of  that  for  which  a  test  (or  design)  level  Is  to  be 
selected,  In  some  cases,  It  has  been  possible  to  modify  the  data  previously 
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gathered  to  the  present  structure  or  equipment  by  use  of  unulytieul  or  statistical 
techniques.  In  either  cuse,  tire  test  level  is  generally  selected  by  enveloping  all.  or 
ultnust  all.  e.g.  ‘)5  percent,  of  these  data  in  order  to  define  an  input  vibration 
level.  Wlille  safely  conservative,. this  approach,  In  effect,  discards  the  information 
contained  in  at  least  95  percent  of  the  available  data. 

It  is  clear  that  those  two  inadequacies  arc  interrelated  and  both  derive  in  part 
from  the  following  philosophical  point.  Any  measurement  of  vibration,  either 
force  or  motion,  Is  actually  the  measurement  of  vlbrution  response  at  a  parties 
lar  point  of  a  given  dynamic  system  to  a  generally  unknown  and  probably 
unknowable  excitation,  This  is. true  whether  the  measurement  Is  made  In  the 
laboratory  or  In  the  usuge  environment.  Recognition  and  acceptance  of  this 
fundamental  point  then  make  it  clear  that  the  definition  of  a  vibration  “input" 
is  an  urtlllce  employed  to  define  a  vlbrution  lest  In  reasonably  simple  terms. 
While  it  is  generally  neoessury  to  resort  to  this  artifice,  the  level  which  Is  selected 
as  an  “Input"  should  take  cognizance  of  the  fact  that  It  fs  Indeed  a  response. 
References  1,  28,  und  29  describe  a  technique  proposed  to  mitigate  the  Inade¬ 
quacies  discussed  above 

Although  beyond  the  scope  of  this  monograph  to  explore  the  selection  of  test 
levels  in  detail,  it  Is  upproprtutc  to  indicate  the  steps  that  should  be  employed  in 
the  following  situations: 

1 .  Simulative  tests  to  which  the  service  environment  is  known  or  bus  been 
predicted. 

2.  Simulative  tests  for  which  the  service  environment  Is  unknown. 

3.  Design  tests  and  Investigative  tests  where  there  are  essentially  no  prior 
constraints. 

4.  Quality  assurance  tests. 

Each  of  these  situations  can  be  envisioned  for  the  various  equipment  assem¬ 
bly  levels,  i.e„  piece-parts  up  through  complete  systems,  and  the  level  selected 
should  reflect  the  assembly  level  of  the  test  item  us  well  as  the  particular 
situation.  The  previous  discussion  on  page  11  should  provide  the  rcudor  with 
sufficient  assistance  to  properly  ullow  for  this  factor. 

Test  Levels  for  Known  Environments.  If  the  environment  may  be  considered 
to  be  known,  It  will  typically  be  defined  In  either  the  equipment  specification  or 
a  set  of  design  requirements.  This  definition  will  often  describe  the  vibration 
Input,  omnidirectionally  or  In  three  orthogonal  directions,  to  the  complete 
equipment  assembly,  c,g„  the  spacecraft.  In  addition,  limitations  on  the  response 
of  the  equipment  at  certain  locations  may  be  specified.  Selection  of  the  test  level 
Is  then  trivial. 

If  the  equipment  assembly  contains  a  number  of  units  or  major  subussem- 
blies,  the  above  definition  may  also  include  vibration  test  levels  for  these 
individual  parts  of  the  equipment,  which  again  makes  selection  trivial.  If  this 
definition  is  not  included,  It  Is  usually  nc?cssury  to  select  a  test  level  which  will 
provide  high  confidence  that  these  units  will  be  satisfactory  when  Installed  In  the 
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comp  lute  assembly  of  equipment,  What  would  appear  to  be  an  appealing  ap¬ 
proach  to  a  solution  of  this  problem  Is  the  determination  of  the  transfer  or 
frequency  response  function  between  the  specified  Input  locution  and  the  unit 
attachments,  either  by  analysis  or  by  test  of  a  structural  model  of  the  complete 
assembly.  Multiplication  of  this. frequency  response  curve  by  the  specified  input 
would  presumably  then  yield  the  appropriate  unit  test  level.  However,  test  levels 
obtained  In  this  munner  must  be  tempered  with  engineering  judgment,  First,  the 
test  levels  would  undoubtedly  vary  with  frequency  In  a  very  complex  fashion, 
thus 'leading  to  very  complicated  tests,  Second,  the  dissimilarities  between  the 
real  equipment  and  either  u  laboratory  test  model  or  uh  analytical  model  would 
render  the  fine  detail  uf  the  frequency  response  curves  essentially  meaningless. 
Furthermore,  it  Is  likely  that  the  high  end  of  the  frequency  range  would  be 
attenuated  to  un  unreullsticully  low  level  when  the  real  environment  is 
considered. 

The  most  difficult  judgment  to  make  will  be  with  respect  to  the  several  large 
peaks  In  the  derived  test  levels  which  reflect  the  primary  modes  of  the  entire 
structure.  It  requires  a  degree  of  courage  and,  of  course,  conviction  to  select  a 
test  level  which  does  not  envelop  these  peaks  In  both  amplitude  and  frequency. 
Yet  consideration  of  the  probable  Inaccuracies  in  the  derivation  process,  the 
unknown  effects  of  Impcdunce  mismatch  between  unit  and  equipment  assembly, 
the  very  significant  differences  between  Installation  of  the  unit  in  a  very  rigid 
vibration  fixture  und  the  relatively  flexible  assembly,  and  the  probable  penalties 
due  to  unnecessary  conservatism,  requires  that  a  test  level  based  on  smoothing  or 
averaging  of  the  transfer  functions,  rather  thun  enveloping,  be  selected.  The  even 
more  difficult  tusk  of  selecting  test  levels  for  components  (piece-parts)  wus 
discussed  un  pugc  1 1 . 

Test  levels  for  Unknown  Environments.  When  It  is  not  possible  to  determine 
or  reasonably  predict  the  service  environment,  selection  of  the  vibration  tost 
level  may  be  made  in  one  of  two  wuys.  First,  lest  levels  which  previously  have 
proven  satisfactory  for  similar  equipment  or  for  similar  use,  i.e.,  spueoborne, 
airborne,  etc.,  may  be  used  again.  Alternatively,  general  Government  specifica¬ 
tions  such  us  MIL-STD-810  should  be  consulted.  These  specifications  usually 
contain  several  ulternutive  test  procedures,  each  of  which  may  be  conducted  at 
one  of  several  levels  for  a  given  duration.  In  addition,  guidance  In  selection  of 
the  appropriate  method  and  test  level  Is  Included,  based  on  the  size,  location  in 
the  vehicle,  type  of  vehicle,  propulsive  system,  type  of  installation,  use  of 
vibration  isolators,  etc.  While  It  is  generally  conceded  that  these  specifications 
call  for  quite  conservative  tests,  the  benefits  which  accrue  from  selection  uf  a 
standurd  test  should  not  be  overlooked.  These  Include  such  factors  as  familiar¬ 
ity  of  designers  with  such  requirements,  relative  ease  of  conducting  tests, 
applicability  for  additional  applications  of  the  equipment,  etc.  In  the  case  of 
components  or  piece-parts,  use  of  these  specifications  is  recommended,  even 
when  the  testing  of  the  next  higher  assembly  may  consist  of  quite  advanced  test 
methods  or  nonstundurd  test  level  descriptions. 
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Test  Levels  for  Design  llnvvstiguiive  Tests.  Test  levels  selected  for  design  und 
Investigative  tests,  us  suggested  for  the  selection  of  other  test  condition  param¬ 
eters,  should  bear  close  relationship  to  the  levels  specified  for  later  formal 
testing,  Since  the  hardware  available  lor  tills  type  of  test  Is  often  Intended  to 
serve  several  other  Important  purposes,  it  Is  generally  prudent  to  select  levels 
which  are,  Initially  at  least,  depressed  front  the  formal  test  levels.  This  approach 
of  gradually  building  up  to  full  level  has  several  ruther  obvious  advantages,  First, 
In  cuse  of  design  weakness,  the  opportunity  to  delect  and  understand  the 
weakness  before  catastrophic  failure  Is  enhanced.  Second,  the  threshold  at  which 
failure  occurs  may  be  ascertained,  thus  giving  u  measure  of  the  degree  of  design 
modification  required,  Third,  when  several  design  deficiencies  exist,  they  may  all 
be  Identified  prior  to  corrective  action  aird  retest,  thus  minimizing  the  number 
of  iterative  design  und  test  cycles  required  to  achieve  a  satisfactory  design. 

Execution  und  Control  Locations 

Tire  definition  or  specification  of  lire  locations  of  the  vlbrutlon  excitation  und 
the  lest  level  control  transducers  to  be  used  for  a  vlbrutlon  test  Is  often  only 
loosely  defined  In  vibration  test  specifications,  even  though  the  outcome  of  the 
test  muy  be  strungly  influenced  by  these  two  parameters,  Thus  the  vibration  lest 
engineer  Is  In  u  position  to  select  these  test  conditions  and  Influence  the  quality 
of  the  test  more  frequently  than  for  any  of  the  parameters  discussed  so  far, 

The  sltuutlon  arises,  of  course,  front  the  fact  that  the  vibration  specification  is 
generally  written  at  uboul  the  time  the  equipment  design  is  Initiated.  It  Is  thus 
impossible  to  describe  these  locations  physically  or  dimensionally  and  they  must 
therefore  be  described  lit  general  terms  which  provide  guidance  to  the  test 
engineer  when  he  ultimately  selects  the  exact  physicul  location.  Frequently,  the 
final  selection  Is  und  cun  only  be  made  after  the  equipment  Is  Installed  in  the 
vlbrutlon  fixture  ready  for  test. 

In  the  vast  majuitty  of  tests,  the  excitation  und  control  locutions  are  Identi¬ 
cal,  permitting  discussion  of  these  parameters  In  the  same  section,  For  certain 
specialized  tesla,  additional  control  locutions  are  employed,  requiring  some 
separate  discussion  In  the  following  subsections.  Location  of  response  trans¬ 
ducers  used  to  monitor  the  response  of  the  lest  Item  has  little  hopefully, 
no  ■  effect  on  test  performance  und  will  not  be  discussed. 

Input  Versus  Response.  The  discussion  of  test  level  selection  emphasized  the 
fundamental  fuct  that  the  vibration  meusured  ut  any  point  represents  the 
response  of  a  uytiumie  system  to  some  excitation,  und  that  It  Is  only  u  necessary 
artifice  to  ascribe  the  characteristics  of  an  "Input"  ,to  such  a  response.  The 
significance  of  tills  point  In  selecting  excitation  and  control  locations  Is  Illus¬ 
trated  In  Fig.  2-1.  If,  us  illustrated  m  Fig.  2-lu,  Ihe  vibration  excitation  cart  be 
described  us  u  single-point  excitation  ut  some  point  of  the  test  object  with  an 
Input  Impedance  Z,-.  then  the  response  of  that  Item  to  a  given  force  or  motion 
excitation  T)  or  F/  Is  unique  and  Independent  of  the  output  Impedance  of  the 
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Mg.  2-1.  Excitation  points:  (u)  single  und  (b)  multiple. 

shuker/fixture  system  Z^.  Za  only  defines  the  ability  of  the  shaker. /fixture  to 
creute  the  desired  excitation.  However,  this  is  not  the  usual  situation  and  Fig. 
2-lb  illustrates  conceptually  the  more  common  situation  where  the  attachment 
to  the  test  object  Is  made  at  a  number  of  points.  There  will  be  differences  from 
attachment  point  to  attachment  point  of  both  the  Input  impeduncc  to  the  test 
object  and  the  output  impedance  of  the  shuker/fixture  system,.  Thus  when  tire 
shaker  is  excited,  the  motion  at  the  various  attachment  points,  i.c.,  the  responses 
of  the  system  at  those  points,  will  bo  a  function  of  the  dynamic  characteristics, 
i.e„  impedances,  of  both  the  test  object  und  the  shuker/fixture,  Tims  the  same 
test  object,  tested  to  the  same  levels  using  different  shakers  und/or  test  fixtures, 
will  exhibit  different  responses,  II  should  be  clear  that  these  differences  will  tend 
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to  Increase  in  magnitude  as  the  excltutlon  frequency  Increases.  Of  certainly  equal 
and  probably  greater  Importance  are  the  differences  between  output  Impedances 
of  the  shakcr/fixture  and  the  supporting  structure  in  the  service  installation, 
Although  it  is  generally  impossible  to  adjust  quantitatively  tire  test  conditions 
for  these  effects,  the  proper  selection  of  attachment  points  and  control  locations 
as  discussed  in  the  following  sections  can  at  least  mitigate  these  effects  and 
frequently  avoid  the  generation  of  completely  unrealistic  responses  in  the  test 
object, 

Excitation  Locations,  tn  the  majority  of  vibration  tests,  the  selection  of 
excitation  location  Is  trivial,  since  the  only  feasible  locations  are  the  normal 
attachment  points  of  the  test  Item,  Then  a  test  fixture  is  built  which  will 
introduce,  Insofar  as  possible,  the  required  motion  at  each  of  the  attachment 
points,  leading,  of  course,  to  the  design  of  very  rigid,  heavy  fixtures.  The  next 
section  discusses  methods  of  controlling  the  excitation  which  accommodate  the 
almost  inevitable  differences  in  motion  between  attachment  points,  it  is  clear 
thut,  with  this  approach,  the  excitation  will  be  introduced  at  the  appropriate 
locations  but  that,  perhaps  with  the  exception  of  vibration,  isolated  equipment, 
little  simulation  of  the  service  Installation  is  achieved,  On  the  other  hand,  It  is 
usually  possible  to  achieve  the  desired  test  levels  at  these  points,  A  rather  radical 
departure  in  customary  test  specification  would  be  required  to  permit  use  of 
fixtures  which  more  nearly  simulate  service  installation  [30] . 

Generally,  the  testing  of  components,  units,  and  even  small  subassemblies  is 
accomplished  as  outlined  above,  in  part  because  It  is  tire  most  feasible  wuy  and 
in  part  because  it  is  at  the  attachment  points  that  the  environment  is  defined, 
can  best  be  predicted,  und  would  normally  be  measured  during  a  Held  measure¬ 
ment  program.  As  the  physical  size  and,  to  some  extent,  weight  of  the  test 
object  increases,  the  above  upproaeh  is  generally  unsatisfactory.  Selection  of  the 
excitation  location  should  now  focus  more  on  the  manner  of  excitutlon  in  the 
service  environment  rather  than  on  only  the  attachment  points. 

For  example,  In  the  case  of  an  external  store  on  un  aircraft  (including  the  case 
of  a  weapon  bay  when  the  doors  are  opened)  the  excitation  due  to  aerodynamic 
flow,  etc.,  is  applied  to  the  exterior  of  the  store  and  “flows"  into  the  aircraft 
through  the  launcher  and  pylon.  Any  attempt  to  vibrate  the  store  by  excitation 
through  the  launcher  hooks  is,  to  carry  the  analogy  one  step  further,  swimming 
upstream  und,  based  on  experience  with  a  number  of  air-to-air  guided  missiles, 
will  not  provide  an  adequate  vibration  test,  A  likely  resul  i  of  such  an  approach  is 
the  early  and  unjustified  failure  of  tlte  launcher  hooks  before  the  desired  missile 
vibratlun  level  Is  achieved.  Furthermore,  the  design  of  an  adequate  fixture  and 
creation  and  control  of  the  test  level  at  generally  well-separated  points  on  a 
massive  test  object  is  difficult  if  not  impossible.  It  is  therefore  appropriate  to 
apply  the  excitation  to  tire  store  at  a  number  of  convenient  points,  such  as  main 
structural  bulkheads  or  the  motor  thrust  ring.  References  1  und  4  describe  the 
results  of  such  an  approach.  The  main  point  here  is  that  the  test  must  be 
designed  to  create  a  certain  response  level  withJn  Hie  lest  object  and  that  the  use 
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of  an  "input”  approaches  the  ridiculous.  To  paraphrase  Drchor  |23|,  u 
1000-pound  missile  cannot  be  tested  using  an  environmental  lest  procedure 
written  for  testing  black  boxes. 

Not  all  massive  test  objects  are  amenable  to  the  approach  of  the  above 
discussion,  A  complete  spacecraft  or  payload  Is  typically  attached  to  interface 
structure  by  being  bolted  or  clumped  to  a  ring.  The  excitation  location  cun 
usually  be  only  at  this  ling,  due  lo  the  characteristics  of  the  spacecraft  structure 
and  configuration.  In  this  cuse,  It  Is  recognized  that  the  excitation  Is  both 
mechunicul  and  acoustic,  Mechanical  excitation  acts  through  the  interlace  while 
acoustic  excitation  ucts  over  the  entire  spacecraft,  Titus  excitation  of  the 
Interface  us  an  Input  Is  appropriate,  provided  some  nteuits  of  controlling  the 
response  of  the  spacecraft  to  appropriate  levels  Is  Included. 

Control  Locations.  It  was  not  too  long  ago  that  the  test  level  of  a  vibration 
test  wus  generally  "controlled"  to  the  desired  value  by  use  of  a  velocity 
transducer  mounted  on  the  end  of  the  shaker  armuturc  uwuy  from  the  test 
object.  Fortunately  some  progress  hus  been  achieved  since  that  time  und  the 
locutions  employed  for  test  level  control  are  now  somewhat  more  meaningful, 
For  the  mujorlty  of  tests  conducted  us  described  in  the  beginning  of  the  previous 
section,  the  obvious  locution  for  control  transducers,  generally  uccelerometers, 
wus  on  the  vibration  fixture  adjacent  to  the  test  object  attachment  points.  For 
example,  MIL-STD-HIOU,  Method  514,  Paragraph  5.5  states,  “The  Input  moni¬ 
toring  trunsducer(s)  shall  be  rigidly  uttuehed  to  und  locuted  on  or  near  the 
attachment  point  or  points  of  the  test  Item."  While  It  Is  not  completely  clear 
which  side  of  the  attachment  point  Is  Intended  by  this  statement,  It  is  customary 
to  mount  the  transducers  on  the  fixture.  This  Is  desirable  for  several  reasons, 
such  as  the  uvuilubillty  of  Out  rigid  surfaces,  the  uvoldunce  of  marring  the  test 
object  finish,  the  ability  to  screw  down  rather  than  glue  on  the  uecelerometer  for 
test  safety,  the  repeatability  of  tests,  etc, 

For  the  control  of  sonic  of  the  nonstandard  tests  discussed  in  Chapters  3  and 
4  und  briefly  In  the  previous  section,  the  control  transducers  must  be  located  at 
additional  points  on  the  tost  object  us  well  as  at  the  point  of  excitation, 
Selection  of  those  locations  must  be  compatible  with  or  analogous  to  the 
locutions  for  which  the  test  levels  were  derived,  predicted,  or  measured.  Gener¬ 
ally  these  would  be  the  attachment  points  between  the  units  which  make  up  the 
assembly  under  tost  and  the  major  structural  members  of  the  assembly.  Thus  the 
test  engineer  requires  u  reasonable  knowledge  of  the  origin  of  the  test  levels  to 
make  a  meaningful  selection  of  control  locations  for  these  specialized  test 
methods. 

Level  Control  Method 

As  was  true  for  control  locutions,  the  definition  of  level  control  method  Is 
often  either  omitted  or  only  loosely  specified  In  most  vibration  test  specifica¬ 
tions,  Until  ubout  loos,  it  was  generally  unnecessary  to  define  the  control 
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method  since  it  wus  only  Infrequently  that  more  thun  one  transducer  would  be 
employed  to  provide  the  control  signal  which  wus  then  used  directly  ns  an  input 
to  the  vibration  test  equipment.  In  tire  past  five  years,  it  has  bo.  uitc  quite 
common,  In  lad  almost  standard,  to  use  multiple  transducers  to  generate  control 
signals  which  are  processed  In  one  of 'several  wuys  prior  to  injection  of  u  single 
slgnul  into  the  vibration  test  equipment  for  control  of  the  test  level  at  any 
particular  time,  either  manually  or  automatically  by  rise  of  sorvoumpllllers. 
Because  of  rather  fundamental  differences  of  slgnul  characteristics,  the  tech¬ 
niques  employed  for  sinusoidal  arid  random  vibrutlon  are  sufficiently  different  to 
warrant  discussion  separately.  However,  there  are  one  or  two  fundamental 
reasons  for  electing  to  employ  several  control  transducers  and  these  are  common 
to  every  test  waveform. 

As  mentioned  previously,  most  test  specifications  or  procedures  cull  for  a 
certain  vibration  level  to  be  applied  ut  the  equipment  attachment  points,  with 
the  Implication  that  the  motion  time  histories  will  be  Identical  at  all  attachment 
points.  Very  little  analysis  or  pruetleul  experience  is  needed  to  convince  one  that 
there  will  be  significant  differences  between  these  motions,  particularly  In  high 
frequency  regions,  say  ubove  I  kHz,  For  larger  test  Items,  these  differences  muy 
be  evident  us  luw  In  frequency  us  100  to  300  Hz,  whereas  for  testing  of  smull 
components  (piece-parts)  the  differences  muy  not  occur  below  2  or  3  kHz.  The 
ubove  rules  of  thumb  ussunre  thut  a  "good"  vibrutlon  fixture  on  un  udequutely 
larger  shaker  Is  available  for  use.  The  cited  frequencies  can  be  reduced  signifi¬ 
cantly  with  u  poor  fixture,  un  undersized  shuker,  or  u  particularly  bulky  test 
Item,  In  uny  case,  differences  will  usUully  exist  within  the  desired  tost  frequency 
range  und  be  greatest  at  frequencies  where  one  or  more  of  the  attachment  points 
become  either  nodes  or  maximum  response  points  of  the  shuker-urmuture/ 
flxture/equlpmont  dynamic  system.  When  u  single  control  transducer  Is 
employed,  severe  overtest  or  undertest,  respectively,  will  occur,  even  If  the 
vibrutlon  test  equipment  Is  able  to  cope  with  the  required  changes  in  driving 
signal.  To  accept  that  this  situation  does  constitute  overtest  or  undertest  Is 
perhaps  u  matter  of  philosophy.  It  docs  seem  reasonable  that  the  specified  test 
level  is  unlikely  to  have  been  derived  for  a  single,  arbitrarily  chosen  attachment 
point  of  the  equipment  under  lost  and  is  more  likely  derived  us  a  number  repre¬ 
sentative  of  the  motion  of  all  or  any  of  the  attachment  points. 

A  second  reason  for  employing  multiple  control  transducers  is  concerned 
with  the  empirical  simulation  of  Impedance  effects.  Although  related  to  the  first, 
the  second  reason  Is  somewhat  different.  In  the  first  cuse,  the  use  of  multiple 
transducers  is  a  recognition  of  the  Impossibility  of  creating  the  desired  identical 
motion  of  the  several  attachment  points.  In  the  second  cuse,  the  use  of  multiple 
transducers  Is  a  recognition  that  it  Is  often  dcsirublc  to  permit,  or  even  encour¬ 
age,  dlfferencos  at  the  vurlous  attachment  points  to  obtain  an  Improved  simula¬ 
tion.  The  “loading  down"  of  the  attachment  points  due  to  the  impedance  of  the 
test  object  Is  allowed  to  occur  as  naturally  us  possible. 


SliLKCTION  Ol-  APPROPRIATE  TEST  METHOD  33 

To  illustrate  the  foregoing,  consider  the  vibration  fixture  shown  in  Fig.  2-2. 
This  fixture,  which  weighs  173  lb,  is  used  to  test  avionics  units  weighing  30  to 
50  lb  on  a  30,000-lb  exciter.  It  is  quite  rigid  and  supports  the  units  through  four 
pins  and  bushings,  two  at  each  end  of  the  unit,  and  a  screw-type  latch  at  the 
front.  During  random  vibration  testing  in  the  vertical  direction,  four  accelerom¬ 
eters  were  pluccd  as  shown  in  Fig.  2-2  for  lest  level  control.  The  variation  of 
acceleration  spectral  density  among  these  four  locations  during  excitation  at  0.1 
82 /Hz  from  20  to  2000  Hz  Is  shown  for  two  units,  one  weighing  approximately 
30  lb  and  the  other  approximately  40  lb,  in  Figs.  2-3  and  2-4,  respectively. "In 
these  figures,  the  two  curves  represent  the  maximum  and  minimum  spectral 
densities  of  the  individual  accelerometer  signals,  divided  by  the  average  of  the 
four  Individual  spectral  densities,  in  each  10-percent  analysis  bandwidth.  If  there 
were  no  variation,  the  curves  would  be  coincident  at  a  value  of  unity.  It  should 
be  noted  that  these  curves  envelop  the  four  individual  spectra  and  do  not 
represent  the  spectrum  at  any  individual  location.  While  generally  similar,  the 
differences  between  me  two  units  are  apparent.  !t.  is  clear  that  very  different 
test-  would  be  conducted  if  any  individual  accelerometer  were  selected  for 
control.  In  addition,  since  the  test  level  Is  representative  of  a  zone  of  an  aircraft 
fuselage  und  thus  the  average  of  the  motion  at  individual  mounting  points,  the 
expected  environment  is  better  simulated  by  controlling  the  average  of  these 
four  accelerometer  signals. 

Sinusoidr,  1  Test  Level  Control,  Figure  2-5  illustrates  the  several  choices  to  be 
made  in  defining  the  test  level  control  method  for  sinusoidal  tests  for  either 
single  or  multiple  control  transducers.  It  will  be  seen  that  certain  of  the  paths 
will  also  be  applicable  for  other  nonrandom  waveforms.  The  first  decision  point 
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Fig.  2-5.  Flow  churt  lot  selection  of  sinusoidal  test  level  control. 


requires  a  selection  between  using  all  the  control  transducer  signals  all  the  time 
or  using  only  one  signal  at  any  particular  time  through  u  signal  selection  device. 
In  the  former  case,  the  average  of  all  transducer  signals  Is  obtained.  In  the  latter 
case,  the  criterion  for  selection  of  a  particular  transducer  signal  must  be  estab¬ 
lished.  Either  the  transducer  that  reads  the  maximum  ot  the  one  that  reads  the 
minimum  cun  be  selected,  us  shown  in  Fig.  2-5. 

It  should  be  noted  that  by  appropriate  attenuation  or  amplification  of 
individual  transducer  signals,  the  signal  selection  device  can  limit  or  transfer  to 
different  transducer  signals  at  different  physical  levels,  e.g.,  Channel  1  at  2  g, 
Channel  2  at  5  g,  Channel  3  at  500  lb,  etc,  Similarly,  weighted  uverages  of  the 
several  signals  could  be  ubtuined  by  modifying  the  Inputs  to  the  averaging 
device. 

The  next  decision  point  requires  the  selection  of  the  broadband  signal  or  the 
lUnda mental,  l.e„  first  harmonic  of  the  broadband  signal  for  control  to  the 
specified  test  level  [31] .  It  should  be  noted  that  there  is  no  technical  reuson  why 
the  two  loops  of  Fig,  2-5  cannot  be  linked  In  reverso  order,  The  order  Is,  of 
course,  trivial  for  broadband  control.  For  fundamental  control,  rcvwsul  of  the 
order  strictly  requires  use  of  u  trucking  filter  for  each  transducer  signal,  which 
may  cuuse  problems  of  equipment  availubllity.  Some  of  the  considerations  which 
enter  into  the  selection  of  an  appropriate  method  ure  discussed  below. 

The  choice  between  averaging  and  maximum  signal  selection  should  ideally  be 
based  on  the  manner  In  which  the  test  level  Itself  was  derived.  If  the  test  level 
represents  extreme  conditions,  then  maximum  signal  selection  is  appropriate.  On 
the  other  hand.  If  the  test  level  represents  some  kind  of  average  level,  or  even  a 
smoothed  envelope  of  extreme  conditions,  then  uverage  control  is  appropriate, 
Test  levels  based  on  minimum  conditions,  If  they  exist,  must  be  quite  rare. 
However,  even  when  the  test  conditions  are  bused  on  extreme  conditions,  It  may 
be  desirable  to  use  average  control  to  Insure  that  the  Intent  of  the  test  Is  not 
defeated  because  of  an  idiosyncrasy  in  one  transducer  signal  due  to  rattling,  u 
poor  fixture,  a  poor  tratuuucer  location,  etc,  Although  difficult  to  substantiate, 
the  argument  can  be  made  that  the  acceleration  at  one  attachment  point  will 
generally  be  lurge  in  comparison  to  the  other  points  only  If  It  Is  relatively  easy  to 
create  motion  of  that  point,  which  also  generally  means  that  the  motion  will  not 
be  particularly  damaging.  Thus  the  real  increase  In  severity  by  use  of  uveruglng 
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instead  of  signal  selection  may  be  less  than  the  quantitative  data  implies,  whereas 
the  simulation  of  Impedanco  characteristics  may  be  Improved. 

Several  Government  test  specifications  such  us  MIL-STD-810B  specify  that 
the  minimum  transducer  signui  shall  generally  be  selected  for  control  unless 
massive  test  items  are  involved.  In  which  case  the  average  signal  shall  be  used.  It 
is  believed  the  discussion  at  the  beginning  of  this  section  refutes  the  propriety  of 
the  selection  of  the  mlninium  signal, 

A  decision  to  select  either  the  broadband  or  the  fundamental  (obtained  by 
passing  the  broadband  signal  tluough  a  tracking  filter  slaved  to  the  excitation 
frequency),  whichever  is  chosen,  may  be  difficult  to  justify,  The  need  to  make 
the  choice  arises  from  the  inherent  nonlinearities  present  in  the  vibration  test 
equipment  and  the  test  object,  These  nonlinearities  manifest  themselves  in  the 
generation  of  harmonic  distortion,  particularly  during  excitation  in  the  neighbor¬ 
hood  of  resonant  frequencies,  Test  objects  in  which  free  play  or  clearances  exist 
are  notable  in  this  regard.  At  certain  frequencies,  the  peak-to-peak  amplitude  of 
the  broadband  signal  may  be  as  much  as  ten  times  the  peak-to-peak  amplitude  of 
the  fundamental  component  which  is  the  only  desired  excitation. 

Figures  2  6  and  2-7  ate  frequency  plots  obtained  during  a  2-g  peak  sinusoidal 
sweep  of  a  unit  weighing  approximately  30  lb,  installed  In  the  fixture  shown  in 
Fig.  2-2.  Vibration  was  applied  in  the  lateral  direction  with  the  fixture  on  a  slip 
plate  driven  by  a  30,000-lb  exciter.  Figure  2-6  was  obtained  from  the  Acoel- 
erumeter  Signal  Selector  output,  whereas  Fig.  2-7  was  obtained  from  the  output 
of  a  response  accelerometer  mounted  on  the  unit  structure.  In  Fig.  2-6,  the 
upper  curve  represents  the  rms  acceleration  at  the  fundamental  or  excitation 
frequency,  and  the  lower  curve  represents  the  rms  acceleration  of  ull  other 
components,  i.e„  the  broadband  signal  minus  the  fundamental.  In  Fig,  2-7,  up  to 
200  Hz,  It  Is  the  lower  curve  which  represents  the  fundu mental  frequency  while 
the  upper  curve  represents  the  distortion,  The  unit  was  characterized  by  a  30-Hz 
torsional  resonant  frequency  which  is  prominent  in  the  distortion  of  the  input 
shown  in  Fig.  2-6.  It  is  felt  that  these  two  figures  illustrate  the  difficulties 
inherent  in  the  selection  of  the  sinusoidal  control  signal  and,  in  addition,  In  the 
interpretation  of  the  results  of  sinusoidal  tests. 

A  literal  interpretation  of  a  test  specification  which  called  for  a  sinusotdul 
motion  of  a  certain  amplitude  at  or  through  a  certain  frequency  range  would 
demand  that  fundamental  control  be  employed,  On  the  other  hand  If  fundamen¬ 
tal  control  were  used,  then  the  amplitude  of  the  harmonic  distortion  could  well 
exceed  the  amplitude  required  by  the  specification  In  some  frequency  ranges, 
even  though  It  did  not  occur  at  the  time  expected,  Thus  broadband  control 
would,  In  a  certain  sense,  engender  some  degree  of  undertest,  while  fundamental 
control  would  engender  some  degree  of  possible  overtest,  The  majority  of  tests 
nru  performed  using  broadband  control.  It  is  not  obvious  whether  this  situation 
reflects  a  conscious  decision  that  this  type  of  control  Is  more  appropriate,  is 
pcihaps  easier  to  "pass,"  or  reflects  the  unavailability  of  suitable  equipment  for 
fundamental  control. 
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Two  situations  where  selection  of  fundamental  control  uppeuf  to  he  most 
appropriate  ure  recognized,  First,  when  frequency  response  functions  are  to  be 
obtained  from  a  sinusoidal  sweep  test,  it  appears  to  be  more  meaningful  and, 
from  a  data  reduction  viewpoint,  more  economical.  Grunting  that  a  frequency 
response  function  of  a  nonlinear  system  iu.s  meaning  in  the  first  place,  it  is  more 
meaningful  to  obtain  the  response  to  u  gi-en  constant  level  of  sinusoidal 
excitation,  especially  if  it  is  desired  to  bbtaln  ihr  response  at  a  series  of  different 
levels,  Second,  if  the  Input  sinusoidal  leva'  •'  dr  be  held  essentially  constant 
through  use  of  fundamental  control,  then  the  frequency  response  functions  can 
be  obtained  by  the  use  of  u  single  tracking  fitter  for  filtering  the  pluybuck  of 
recorded  response  signals,  The  additional  complexity  of  ratlolng  the  outputs  of 
two  trucking  filters  (response/input)  can  often  be  uvoided  at  small  loss  of 
accuracy.  It  should  be  clear  to  the  reader  at  this  point  that  it  Is  of  questionable 
vulue  to  obtain  frequency  response  functions  by  ratioing  the  amplitudes  of 
broadband  response  and  input  signals  us  measured  from  the  envelopes  of  oscillo¬ 
graphic  recordings  at  slow  paper  speed. 

Referring  aguin  to  Fig.  2-5,  the  reader  should  be  cautioned  that  interchanging 
the  two  loops  of  this  figure  when  fundamental  control  Is  selected  muy  present 
test  Implementation  problems,  which  are  discussed  In  Chupter  5.  These  problems 
arise  due  to  the  Interrelationships  between  the  time  constants  of  the  averaging  or 
signal  selection  devices,  the  trucking  filter,  and  the  stundurd  vlbrutlon 
equipment. 

Random  Test  Level  Control.  Selection  of  the  appropriate  test  level  control 
method  for  random  vlbrutlon  testing  is  essentially  trivial,  although  there  is  a 
choice  of  Implementation  of  method.  Assuming  that  multiple  control  trans¬ 
ducers  are  to  be  employed,  the  only  practical  upproach  Is  to  control  the  power 
average  of  the  Individual  signals  to  the  desired  apoetrul  density,  The  term  power 
average,  as  opposed  to  the  term  average  means  that,  witlrln  uny  nurrow  frequen¬ 
cy  band,  the  spectrul  density  of  the  power  average  is  equal  to  the  averugc  of  the 
spectral  densities  of  the  individual  slgnuls.  In  othor  words,  the  mean  square  of 
the  transducer  signals  Is  controlled.  It  Is  necessary,  therefore,  to  synthesize  a 
signul  whose  spectral  density  is  equal  to  the  desired  power  average  of  the 
individual  slgnuls,  (The  possibility  of  using  a  weighted  power  average  by  appro¬ 
priate  signal  amplification  or  attenuation  is  self-evident.)  Two  means  by  which 
such  a  signal  can  be  synthesized  are  discussed  on  page  118. 

2.3  Data  Requirements 

Test  specifications  and  procedures  are  not  usually  convenient  vehicles  for  the 
definition  of  the  data  required  during  and  ufter  the  completion  of  u  vibration 
test,  Although  these  datu  do  not  contribute  directly  to  the  definition  of  test 
conditions  discussed  so  fur,  they  ure  the  means  by  which  the  satisfactory  (or  un¬ 
satisfactory)  generation  of  the  desired  test  conditions  is  documented  and  thus 
warrant  some  consideration  here.  These  data  cun  be  grouped  into  three  main 
categories. 
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1.  Dutu  taken  lor  continuous  monitoring  during  test 

2.  Dutu  selected  to  verify  test  conditions 

3.  Data  for  engineering  evaluation,  e.g.,  response  datu, 

The  first  cutegory  generally  consists  of  continuous  recordings  of  all  control 
and  some  If  not  all  response  transducers.  These  data  are  acquired  primarily  for 
evaluation  In  case  of  failure  In  either  the  test  object  or  the  test  equipment. 
Experience  Indicates  that  when  a  failure  in  the  equipment  under  test  occurs,  It  is' 
a  natural  instinct  for  the  dealgnor  of  the  equipment  to  question  the  test 
conditions  in  preference  to  questioning  the  adequacy  of  his  design.  In  any  case, 
it  may  be  desirable  to  know  the  conditions  at  the  time  of  failure.  When  a  failure 
in  the  test  equipment  occurs,  It  is  generally  accompanied  by  a  transient  motion 
of  unpredictable  character.  Thus  it  appears  prudent  to  take  raw  data  continuous¬ 
ly  during  test  even  though  must  of  it  can  be  discarded  almost  immediately  ufter 
conclusion  of  the  test.  Except  for  sinusoidal  data  for  which  oscillographic 
recording  Is  generally  adequate,  magnetic  tape  recording  is  preferable,  since  later 
processing  of  the  data  Is  often  required.  The  transducer  signals  to  be  recorded 
should  be  selected  front  a  consideration  of  what  Information  is  needed  to 
understand  the  conditions  at  any  particular  time,  such  as  at  failure. 

The  second  category  Includes  data  selected  by  both  the  customer  und  the 
vibration  test  personnel.  For  data  reduction,  It  Is  customary  to  select  time 
samples  of  the  transducer  signals  which  are  repiesontutlve  of  the  test  conditions; 
e.g.,  spectral  density  plots,  acceleration  vs  frequency  plots,  etc.  The  amount  and 
kind  of  data  required  are  determined  by  consideration  of  the  minimum  amount 
needed  to  adequately  demonstrate  that  the  specified  test  conditions  were  Indeed 
generated  or  the  degree  to  which  they  were  not.  Experience  indicates  that  it  is 
very  easy  to  yield  to  pressure,  in  the  name  of  time  and  economy,  to  practically 
eliminate  this  category  of  datu  but  that,  in  the  long  run,  It  Is  false  economy  to 
do  so. 

The  third  category  of  data  really  has  nothing  to  do  with  specification  of  the 
test  conditions,  assuming  that  a  test  method  has  been  selected  which  has  the 
potential  to  provide  the  desired  datu,  However,  a  priori  definition  of  these  data 
may  ensure  that  an  appropriate  test  is  selected.  The  amount  und  kind  of  data 
processing  required  to  achieve  the  purpose  of  the  test  should  be  specified  by  the 
customer  with  the  advice  und  consent  of  test  personnel. 

2,4  Necessary  Accuracy 

A  lengthy  discussion  of  the  accuracy  requirements  to  be  specified  for  the 
performance  of  vibration  tests  is  not  appropriate  to  the  theme  of  this  mono¬ 
graph.  The  subject  is  not  one  which  has  received,  in  an  integrated  WBy,  sufficient 
attention  during  the  development  of  vibration  testing.  Small  segments  of  the 
total  problem  have  received  Inordinate  attention,  while  other  possibly  more 
important  segments  have  been  largely  ignored,  As  will  be  seen,  accuiucy  require¬ 
ments  are  often  specified  which  are  virtually  meaningless  due  to  luck  of  com¬ 
plete  definition,  and  sometimes,  due  to  physical  impossibility. 
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This  section  has  been  Intentionally  entitled  necessary  accuracy  rather  thim 
just  accuracy  in  order  to  convey  tho  thought  thut  consideration  must  be  given  to 
specifying  accuracy  requirements  which  are  compatible  with  the  precision  to 
which  the  nominal  values  ure  known,  the  precision  with  which  tire  results  of  the 
test  can  be  evuluuted,  and  the  value  of  achieving  additional  accuracy  at  additional 
test  cost,  In  other  words,  the  required  accuracy  is  a  factor  in  the  design  of  the  ex¬ 
periment,  This  is  not  to  suggest  that  the  normal  good  practices  of  using  regularly 
calibrated  instruments,  proper  calibration  signals,  etc,,  are  unnecessary  or  should 
be  relaxed.  Rather  it  1s  to  suggest  that,  for  instance,  there  Is  little  to  be  gained  In 
requiring  a  resonant  search  using  u  sinusoidal  sweep  to  take  exactly  N  min.  The 
only  meaningful  requirement  Is  thut  It  be  alow  enough,  i,e„  the  sweep  should  be 
at  least  N  min  in  duration. 

The  justifications  often  cited  for  specification  of  test  parameters  with  ruther 
small  allowable  variations  ure  tho  need  for  repeatability  of  tests  coupled  with 
quality  control  requirements.  These  justifications  presumably  developed  from 
experience  that  the  same  equipment  tested  at  different  locations,  or  different 
serial  numbers  of  the  same  equipment  tested  at  the  same  locution,  exhibited 
different  responses  and  failures.  However,  experience  also  shows  thut  even  with 
very  tight  specifications,  the  variability  of  test  results  still  persists,  suggesting 
that  the  major  variability  in  the  results  is  due  to  parameters  which  have  not  been 
controlled  und  which  probably  cannot  be  either  Identified  or  controlled  even  If 
Identified.  The  greatest  contributor  to  such  variability  is  the  variation  between 
nominally  Identical  test  objects.  For  example,  Fig.  2-8  illustrates  the  variability 
in  the  squared  transmisslblllty  of  five  missiles  during  longitudinal  vibration.  The 
three  curves  represent  the  maximum,  mean,  and  minimum  vulues  of  the  squared 
transmisslblllty,  uveruged  over  10-percent  bandwldths,  between  the  forward  und 
aft  sections  of  the  missile,  a  dlstunee  of  approximately  8  ft.  Without  going  into 
excessive  dotull,  ull  factors  except  test  object  variability  are  believed  to  have 
been  normalized  out  of  these  figures.  Since  Ihe  data  of  Fig.  2-8  were  meusured 
on  the  major  structure  and  averaged  over  generous  bandwidths,  It  is  not  hard  to 
imagine  tho  very  large  variability  of  responses  of  detailed  parts,  etc.,  within  the 
electronic  units  mounted  to  this  structure. 

A  second  contributor  to  the  variability  of  test  results  occurs  when  different 
tost  facilities  are  used.  Tho  uso  of  different  fixtures,  different  vibration  excitcis, 
und  often  different  mounting  locutions  of  control  transducers  will  all  contribute 
to  whut,  In  effect,  is  a  different  test,  Although  the  test  conditions  are  nominally 
the  same,  the  effects  of  different  impedances  in  the  two  test  configurations  cun 
well  generate  differences  in  test  results. 

There  is  little  reason  to  expect  thut  the  vuriabliity  in  the  service  environment, 
upon  which  test  levels  are  based,  will  be  any  less  than  those  which  are  observed 
during  test.  In  fact,  there  is  good  reason  to  expect  considerably,  greater  variation. 
Thus,  while  reasonable  effort  to  maintain  a  certain  accuracy  in  test  cundtions  is 
necessary,  it  is  suggested  that  only  thut  precision  essential  to  the  purpose  of  the 
test  be  specified. 
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2-8.  Maximum,  minimum,  and  mean  squared  transmissabilit.es  of  five  missies. 
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Six  purumcturs  which  arc  significant,  although  not  equally  so.  in  the  speclflcu- 
tioti  of  tolerunces  during  vibration  tests  are  (1)  duration,  (2)  frequency,  (3) 
sinusoidal  amplitude,  (4)  acceleration  spectral  density,  (5)  required  equalization, 
and  (0)  fixture  characteristics.  Parameters  2,  3,  and  S  appear  In  most  specifica¬ 
tions,  e,g„  M1L-STD-81  OB,  whereus  the  sixth  parameter  has  lately  been  included 
In  a  number  of  specifications  for  apace  equipment,  A  tolerance  for  the  first 
parameter  Is  seldom  specified.  Considerations  which  should  enter  Into  the 
selection  of  tolerunces  for  those  parameters  are  discussed  below. 

Duration 

The  specification  of  time  enters  Into  tost  specifications  in  two  ways.  First,  the 
total  test  duration,  or  perhaps  duration  In  cuch  axis,  Is  specified,  Second,  the 
time  to  accomplish  some  part  of  the  test,  such  us  a  sinusoidal  sweep,  Is  specified. 
Of  course  time  Is,  lit  u  sense,  the  Independent  variable  of  the  test,  but  neverthe¬ 
less,  should  be  permitted  u  ("tlsonublc  specified  variability,  it  is  quite  cusy  to 
control  accurately  yet  Is  probably  relatively  unimportant  to  the  overall  test 
purpose,  First,  the  derivation  of  the  nominal  test  duration,  us  mentioned  in  tire 
section  on  time  duruti  <n  (p,  33),  Is  p  -bubly  the  most  arbitrary  test  parameter. 
Second  the  shupv  of  u  typicul  fatigue  curve  Is  such  that  a  3-dB  uhungc  In 
amplitude  Is  equivul  at  to  a  factor  of  ten  In  time.  Thus  the  efforts  often  made  to 
set  up  u  sinusoidal  sweep  so  that  It  takes  exactly  }5  min,  or  to  come  buck  after 
repair  of  u  failure  to  complete  the  lust  few  minutes  of  u  3-ltour  test  muy  be  well 
mounlng  und  sutlsfy  specifications  but  hardly  contribute  to  the  overall  value  of 
the  test  program. 

It  is  recommended  that  test  specifications  should  generally  Include  rather 
wide  tolerunces  on  durations  so  that  undue  efforts  to  meet  the  exact  times  now 
specified  arc  uvoided, 

Frequency 

A  typicul  specification  tolerance  for  "vibration  frequency”  Is  1/2  Hz  below 
20  Hz  or  ±2  percent  (MIL-STD-H 1  OB).  It  would  perhaps  be  more  logloul  to 
specify  25  Hz  as  the  cutoff  so  that  no  step  in  the  tolerance  occurred.  In  any 
cuse,  frequency  lit  vibration  testing  Is,  like  duration,  more  an  Independent  vari¬ 
able  than  u  controllable  dependent  variable.  It  Is  Important  to  sp  ecify  the  accu¬ 
racy  with  which  It  Is  measured  but  specification  of  a  tolerance  on  frequency 
itself  does  not  uppeur  to  be  particularly  meaningful.  For  oxumple,  in  random 
vibration,  only  frequency  bandwldths  huve  meaning.  When  specifying  the  fre¬ 
quency  range  over  which  a  test  Is  to  be  conducted,  o.g„  5  to  2000  Hz,  it  Is  appro¬ 
priate  to  specify  a  tolerance  on  the  upper  und  lower  frequencies  In  view  of  the 
manner  in  which  these  bounds  arc  seloeted,  as  discussed  in  the  section  on  frequency 
range  (p.  22),  it  is  perhaps  questionable  whether  the  tolerance  need  be  as  tight  as 
±2  percent. 
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Sinusoidal  Amplitude 

Again  citing  M1L-STD-8I0B  us  typical,  the  tolerance  lor  sinusoidal  tests  Is 
"Vibration  Amplitude:  Sinusoidal  ±10  percent,"  This  statement  should  Immedi¬ 
ately  raise  the  question  of  whether  the  tolerance  applies  to  the  broadband  peak 
amplitude  or  to  the  amplitude  of  the  fundamental  or  perhaps  to  the  rms  value  of 
the  broadband  signal,  Test  conditions  which  comply,  using  one  of  these  three 
possibilities,  would  almost  certainly  vlolute  the  same  tolerance  applied  to  the 
other  two,  Thus  the  quantity  to  which. tho  tolerance  applies  must  be  clearly 
Identified.  A  specified  tolerance,  If  it  Is  to  be  meaningful  and  not  ignored,  must 
be  unambiguous  and  attainable  with  reasonable  effort  and  cost.  Experience 
indicates  that  the  specification  of  a  fairly  small  percentage  variation,  such  us  ±  1 0 
percent,  across  the  entire  frequency  range  of  test  Is  often  not  uttuinublo  with 
reasonable  effort,  particularly  during  sweep  tests.  This  Is  due  to  the  interaction 
of  the  control  system  and  the  reflected  loud  of  the  test  object  und,  when  u  single 
control  transducer  Is  used,  the  occurrence  of  nodes  ut  the  control  transducer 
location.  Of  course,  the  inability  to  meet  the  specified  tolerance  will  be  deter¬ 
mined  only  at  the  time  of  test  and  cannot  be  determined  u  priori.  At  this  point, 
calling  u  halt  to  the  test  program  In  order  to  attempt  to  comply  tends  to  be 
traumatic  as  well  as  fruitless.  A  more  reasonable  approach,  which  has  been  used 
on  u  number  of  occasions,  is  to  specify  a  tolerance,  such  as  ±10  percent,  which 
must  bo  maintained  over  most  of  the  frequency  range  and  a  much  wider 
tolerunce,  such  as  +100,  -SO  percent,  which  must  be  maintained  over  the 
remainder.  For  example,  one  could  permit  variations  In  excess  of  10  percent  in 
several  narrow  frequency  bunds,  eueh  no  wider  tlrun  suy  1/10  of  an  ootuve  with  u 
cumulative  bandwidth  of  say  1/3  of  an  octave  over  which  the  vuriutlon  exceeds 
10  percent,  Such  a  requirement  Is  reasonably  attainable,  docs  achieve  the 
objective  of  avoiding  a  poor  quality  test,  und  will  therefore  be  complied  with. 

Spectral  Density 

Regardless  of  the  data  processing  method  employed,  a  measurement  of  the 
spectral  density  of  a  random  process  hus  two  equally  important  characteristics 
which  should  be  included  when  specifying  a  tolerunce  about  some  nominal 
value.  First,  any  measurement  represents  the  uverage  spectral  density  of  the 
signul  within  tho  analysis  bandwidth.  (It  should  be  noted  that  the  concept  of 
analysis-  or  effective- bandwidth  Is  bused  on  the  contribution  of  the  skirts  to 
the  output  of  the  Filter  when  a  white  noise  input  signul,  l,e„  constant  speotrul 
density,  is  upplied  to  the  filter.  References  32  and  33  describe  the  smoothing 
effects  wlton  varying  spectral  density  signals  are  applied.)  Thus  the  specification 
should  Include  a  statement  regarding  the  maximum  acceptable  unulysls  band¬ 
width  to  be  employed.  Second,  apart  from  measurement  or  analysis  Inaccuracy, 
any  measurement  of  spectral  density  Is  subject  to  statistical  or  sampling  error, 
This  error  Is  normally  do  lined  by 


e  -  1  jy/Wf 
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where  e  Is  the  normalized  standard  error,  B  Is  the  analysis  bandwidth,  und  T  is 
the  sample  data  length.  Reference  33  discusses  this  error  in  detail.  From  Bq. 
(2-1),  it  is  seen  that  a  tolerance  on  spectral  density  must  define  a  minimum 

acceptable  BT  product.  The  interaction  of  these  two  characteristics  is  self- 
evident.  To  this  writing,  practically  no  specifications  for  random  vibration 
Include  a  statement  regarding  botlt  these  characteristics, 


Required  Equalization 

As  described  In  detail  in  Chapter  5,  equalization  is  the  term  used  in  random 
vibration  testing  to  describe  the  shaping  of  the  output  spectral  density  of  a  noise 
source  to  produce  the  desired  test  spectrum  at  the  control  point  or  points.  The 
noise  signal  Is  amplified  or  attenuated  within  contiguous  bandwidths  of  a  comb 
filter  bunk,  while  the  achieved  spectrum  Is  monitored  through  an  Identical  comb 
filter.  The  bandwidths  and  analyzer  and  sorvoampliflor  time  constants  of  each 
equalization  channel  must  be  chosen  with  due  regard  for  the  statistical  errors 
discussed  under  spectral  density  in  Section  2.4.  Making  the  gencruily  safe 
assumption  thut  the  equalization  equipment  manufacturer  has  made  a  proper 
choice,  it  remains  to  specify  the  tolorunce  on  the  achieved  spectral  density,  It  is 
common  practice  to  specify  a  tolerance  of  ±3  dB(+ 100, -50  percent  on  spectral 
density)  ucross  tire  frequency  range  or  alternatively,  to  spooify  ±1.5  dB  (+40,  -30 
percent)  below  1000  Hz  und  ±3  dll  above  1000  Hz,  The  lutter  pructlce  recog¬ 
nizes  the  relatively  easier  task  of  achieving  the  required  vulucs  at  lower  frequen¬ 
cies.  Compared  to  the  typical  tlO-perccnt  tolerance  on  sinusoidal  amplitude 
discussed  previously,  these  ure  generous  tolerances  which  probably  reflect  eurly 
random  vibration  tost  experience  when  the  equalization  process  was  carried  out 
manually,  l,e„  with  human  servos. 

An  additional  requirement  that  the  overall  mis  acceleration,  i.o.,  the  square 
root  of  the  urea  under  the  curve,  be  maintained  within  a  certain  tolerance,  say 
±10  percent,  is  often  included.  Presumably  tills  prevents  unscrupulous  testers 
from  running  the  test  at  -3  dB  across  the  whole  frequency  band.  Three  problems 
arise  In  using  tolerances  specified  as  above.  First,  tire  maximum  bandwidth 
within  which  the  tolerance  shall  apply  is  unspecified.  Second,  It  Is  frequently 
impossible  to  meet  the  requirements  over  part  of  the  frequency  range.  Last, 
lnupproprlute  methods  of  demonstrating  compliance  are  specified. 

To  expand  on  these  problems,  consider  the  first  one,  Tire  comb  filters  of 
most  commercially  available  equullzer/analyzcr  systems  have  bandwidths  which 
Increase  from  about  10  Hz  oentored  at  about  15  Hz  to  constant  values  of  25,  50, 
or  100  Hz,  depending  on  the  number  of  channels  in  the  system.  Unless  specified 
to  the  contrary,  a  particular  test  may  be  conducted  using  any  of  the  above  filter 
banks  ana  the  tolerance  on  spectral  density  will  be  observed  for  each  channel  of 
the  analyzer  section.  Remembering  that  the  measurement  Is  the  average  spectial 
density  In  the  anulysla  bandwidth,  it  is  clear  that  very  different  but  nominally 
identical  tc3ts  can  be  performed  by  changing  equalizer  systems.  Therefore,  if 
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there  is  adequate  reason  to  select  a  particular  bandwidth  for  control,  the  equal¬ 
izer  characteristics  must  be  specified  u  priori. 

The  second  problem  Is  similar  io  the  situation  discussed  under  sinusoidal 
amplitude  on  page  44,  A  similar  modification  which  permits  larger  deviations 
over  restricted  bundwldths  has  been  found  satisfactory.  For  example,  a  specifica¬ 
tion  might  state  that  a  larger  variation  of  no  more  than  iac  dB  In  y  equalizer 
channels  Is  permissible,  In  random  vibration  testing,  the  generation  of  harmonic 
distortion  due' to  nunlltlearitles,  discussed  earlier  for  sinusoidal  testing,  will  cause 
excessive  responses  in  one  analyzer  channel  due  to  the  excitation  In  u  different 
channel  of  the  equalizer.  Attenuating  the  noise  input  In  the  channel  with  the 
excessive  response  Is  obviously  useless,  uml  identifying  the  channel  which  is  the 
source  of  the  response  Is  Impossible.  For  random  vibration  testing,  the  occur¬ 
rence  of  nodes  at  control  transducer  toeutlons  is  more  significant  than  for 
sinusoidal  testing  due  to  the  broadband  nature  of  the  signal.  If  automatic  equal¬ 
ization  Is  employed,  the  shaker  system  witl  attempt  to  overcome  the  effects  of 
the  node  by  demanding  u  large  amount  of  power  In  the  froquency  range  of  the 
node,  Limitations  of  both  dynamic  range  and  available  power  will  thon  bo 
reached  before  the  desired  level  Is  achieved  across  the  whole  frequency  range. 
Therefore  It  is  necessary  to  Identify  the  frequency  band  of  the  node  and  depress 
the  input  in  this  bund  so  that  the  proper  level  is  reuchcd  elsewhere.  This  cun 
usuully  be  accomplished  by  making  u  spectral  analysis  of  the  motion  of  the  shaker 
Ireud.  It  appears  reusonublc  that  u  tost  ut  the  desired  level  over  90  percent  of  file 
froquency  range  is  more  useful  than  u  toBt  ut  a  depressed  level  over  the  entire 
frequency  range,  Thus  a  specification  tolerance  of  the  type  suggested  above  will 
achieve  the  objective  of  the  test  und  can  reasonably  be  uchlovcd. 

'Hie  lust  of  the  three  problems,  namely  the  specification  of  Inappropriate 
methods  of  demonstrating  compliance,  is  more  u  philosophical  problem,  even 
though  the  severity  of  Its  Impact  on  the  ability  to  conduct  a  timely  and  useful 
test  program  Is  difficult  to  describe  and  Is  almost  unbelievable,  With  some 
assistance  from  Murphy's  Law,*  an  Inappropriate  demonstration  method  will 
ulmost  certainly  show  that  excessive  deviations  occurred.  The  problem  Is 
baseiully  one  of  frequency  resolution  combined  with  a  confusion  of  the  desires  to 
achieve  a  certain  test  spoctrum  and  then  know  what  spectrum  wus  uchioved. 

The  root  of  the  problem  Is  illustrated  in  Fig.  2-9,  which  depicts  five  equal 
contiguous  bundwldths  (U).  If  a  slgnu!  whoso  actual  spcctrul  density  Is  shown  by 
the  dotted  line  is  analyzed  with  five  contiguous  ideul  fillors,  with  bundwldths 
equal  to  und  lined  u,p  with  those  In  Fig.  2-9,  then  each  measurement  will  be 
Identical,  Euch  filter  measures  the  average  spectral  density  within  the  bandwidth, 
and  the  shaded  areas  above  and  below  the  horizontal  line  In  ouch  bund  width  are 
equal.  If  the  center  frequency  of  one  of  these  filters  is  adjusted,  as  shown  by  the 
dotted  linos,  the  meusurod  spectral  density  will  change  as  shown,  since  the 
average  over  u  different  bandwidth  is  now  obtained.  If  a  different  but  still  ideal 


*  Anything  tliut  cun  go  wrong  will, 
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tlltor  with  bandwidth  B’  is  used  to  measure  this  same  sigiuil.it  will  measure  dif¬ 
ferent  values  than  the  filters  with  bandwidth  3  as  shown  in  Fig.  2-d.  The  contin¬ 
uous  spectral  density  plots  obtained  from  a.swept-frequeney  analyzer  tend  to 
obscure  the  fact  that  each  point  on  the  curve  actually  represents  a  value  averaged 
over  the  unalyzer  bandwidth.  A  comb  filter  permits  the  more  graphic  bar-chart 
display  such  as  Fig.  2-8,  where  the  averaging  bandwidth  is  represented  by  the 
width  of  each  bur. 


B  l  TYPICAL) 


fig.  ,!-9,  Apparent  or  measured  spectral  density  vs  actual  ;.poctrul  density. 


■’.Tien  the  effects  of  using  real  fiters,  each  with  its  own  chaructenstc  deviation 
from  an  ideal  filter,  and  when  It  is  remembered  that  the  crossover  frequencies 
between  adjacent  filters  in  a  comb  filter  usually  occur  at  the  half-power  (— 3-dB) 
points  of  the  filter.  )t  should  no*  be  surprising  that  two  spectral  density  plots 
describing  a  single  signal  will  differ  considerably  in  fine  detail  unless  the  same 
bandwldlhs  and  center  frequencies  are  used  in  each  analysis. 

If  the  spectra!  density  of  a  test  'evel  control  signal  is  determined  with  an 
analyzer,  particularly  a  swept-frequency  analyzer  whose  bandwidth  is  equal  to  or 
less  than  the  filter  bandwldlhs  of  the  equalizer/analyzer  system  used  to  control 
the  test,  it  is  quite  likely  that  such  an  analysis  will  indicate  that  the  spectral 
density  exceeded  the  allowable  tolerance,  particularly  In  the  frequency  region 
above  I  kHz.  This  will  happen  even  though  that  same  record,  played  back 
through  the  equalizer/analyzer  system,  will  show  that  the  required  spectrum  was 
achieved.  It  is  suggested  that  this  problem  is  resolved  by  recognizing  the 
following:  First,  when  a  test  plan  is  approved,  tacit  approval  of  the  frequency 
resolution  of  the  equalization  system  is  included  in  the  approva’.  If  a  particular 
bandwidth  equalizer  is  required,  it  must  be  specified  at  the  time.  Second,  the 
approval  also  implies  that  the  tolerance  on  spectral  density  Is  to  be  achieved  and 
demonstrated  using  the  oquallzor/unalyzer  bandv-ldths.  Third,  any  later  analysis 
of  the  control  signal  with  different  analysis  bundwidths  is  performed  merely  to 
find  oul  what  happened  and  not  to  attempt  to  control  the  test.  It  is  believed 
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that  any  other  approach  merely  leads  to  fruitless  arguments  since  It  Is  patently 
impossible  to  control  the  spectral  density  in  ono  bandwidth  with  a  filter  which 
has  a  different  bandwidth,  Last,  if  one  considers  the  basic  purpose,  the  simula¬ 
tion  aspects  of  the  test,,  and  the  data  from  which  the  test  level  was  derived,  It  Is 
probably  desirable  to  control  the  average  spectral  density,  particularly  above  1 
kHz,  over  bundwldths  which  are  at  least  as  wide  If  not  wider  than  incorporated 
in  most  common  equallzcr/unalyzer  systems, 

Fixture  Characteristics 

A  trend  hus  become  evident  during  the  past  year  or  two  in  which  random 
vibration  test  specifications  for  units  to  be  tested  prior  to  installation  in  space 
vehicles  have  Included  requirements  on  the  characteristics  of  vibration  fixtures. 
The  design  of  suitable  fixtures,  discussed  in  more  detail  in  Chapter  4,  Is  u 
continuing  source  of  difficulties  In  vibration  testing.  The  sources  of  some  of 
these  difficulties  have  been  mentioned  In  previous  sections.  One  difficulty  not 
previously  mentioned  is  one  of  economics.  Specifically,  Insufficient  time  and 
money  are  generally  ullocutcd  to  the  design  aird  fabrication  of  test  fixtures 
relative  to  the  total  cost  or  the  test,  particularly  when  one  recognizes  the 
Influence  that  test  fixture  characteristics  can  have  on  test  results.  Assuming 
appropriate  loeutlon  of  control  transducers,  inadequacies  of  test  fixtures  gen¬ 
erally  manifest  themselves  us  either  the  inability  of  the  shaker  system  to  produce 
the  desired  test  level  or  the  cause  of  unrealistic  failures  In  the  test  object  due  to 
overtest.  Undertest  Is  also  possible  but  generally  Is  much  less  likely.  Specification 
of  required  characteristics  of  test  fixtures  Is  directed  toward  eliminating  tlrse 
types  of  problems.  Like  most  things,  however,  carrying  this  to  extremes  cun 
create  problems  worse  than  the  original  one. 

The se  specifications  on  fixtures  generally  contain  three  requirements.  The 
first  one  Is  that  tire  adequacy  of  the  test  fixture  be  demonstrated  with  the  real 
test  object  mounted  in  place.  Second,  the  specified  variation,  or  rather  luck  of 
variation  between  motion  at  the  attachment  points  of  the  unit  is  to  be  demon¬ 
strated  by  making  a  low  level,  l-gor  2-g,  sinusoidal  sweep  through  the  frequency 
range.  Third,  the  permissible  variation  between  any  two  uitudimem  points  Is  to 
be  limited  for  example  to  6  dB,  or  a  factor  of  two  In  amplitude,  over  a 
frequency  range  of  20  to  2000  Hz. 

The  following  implications  of  this  kind  of  requirement  should  be  considered. 
If  the  demonstration  is  to  be  conducted  with  the  test  unit  in  p'noe,  it  can  only 
bo  performed  just  prior  to  the  real  test.  Since  the  type  of  programs  in  which 
these  requirements  have  uppeared  are  usually  characterized  by  very  tight 
schedules,  the  dlscoveiy  of  a  fixture  inadequuey  ut  tills  time  tends  to  cause  a 
certain  amount  of  anxloty.  Since  it  Is  the  fixture  characteristics  which  arc  to  be 
examined  rather  than  the  impedance  effects  of  the  unit,  it  is  suggested  that 
either  the  empty  fixture  or  tho  fixture  loaded  with  a  simple  dummy  mass  might 
serve  the  purpose  equally  well. 
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Tliis  suggestion  also  assists  in  resolving  the  following  problem.  It  is  desired 
that  the  fixture  be  adequate  during  a  randoms  vibration  test,  genorully  at  high 
spectral  density  levels.  Because  of  nonlinearities,  the  variations  measured  during 
a  low  level  sinusoidal  sweep  and  those  measured  during  test  will  be  quite  differ¬ 
ent,  with  much  greater  variation  during  the  former.  Thus  the  fixture  should  be 
evaluated  at  full  level  which  is  possible  either  empty  or  with  dummy  load  but 
not  with  the  real  unit.  This  approach  also  avoids  the  problem,  discussed  on 
page  36,  of  deciding  how  to  account  for  harmonic  distortion  during  the 
sinusoidal  sweep. 

The  manner  in  which  permissible  variations  are  to  be  specified  requires 
careful  consideration.  First,  it  is  the  variation  between  the  motion  at  any 
attachment  point  and  the  motion  represented  by  the  control  signal  which  is 
Important,  whether  this  be  a  point  on  the  fixture  somewhut  removed  from  an 
attachment  point  or  a  power  average  signal  (see  Section  2,2,  discussion  of 
random  test  level  control)  derived  from  the  motion  at  several  attachment  points. 
Second,  the  maximum  permissible  variation  should  be  described  in  a  manner 
which  is  physically  achievable.  Except  for  very  compact  test  objects,  this  means 
that  large  variations  must  be  permitted  over  some  reasonable  frequency  range, 
similar  to  the  suggestions  made  in  previous  discussions  of  equalisation  and 
control  tolerances.  Of  course,  the  fixture  is  only  one  link  in  the  shaker /fixture/ 
test  object  system  which  is  to  be  controlled  within  some  acceptable  tolerance 
bund. 

To  Illustrate  the  problems  of  fixture  specification,  consider  the  fixture 
sketched  in  Fig.  2-10  which  is  the  plan  view  of  u  3-1  /2-in,  thick  aluminum  plate 
which  bolts  directly  to  the  heud  of  a  30,000-lb  exciter,  It  was  used  for  testing 
severul  light  units  together  as  an  operating  subsystem,  One  of  the  units  wus 
rectangulur,  approximately  15X25X5  In,  thick,  and  spanned  most  of  the 
fixture  us  shown.  This  unit  weighed  approximately  25  lb  while  the  fixture 
weighed  200  lb.  The  unit  attached  to  the  fixture  and  to  the  spacecraft  by  21  No. 
10  screws.  To  evaluate  the  fixtuie,  accelerometers  were  attached  in  the  rec¬ 
tangular  grid  shown  in  Fig,  2-10.  Acceleration  spectral  density  plots  were 
obtained  for  each  accelerometer  signal  during  random  excitation  of  the  empty 
fixture  ut  0.2gJ/Hz  between  20  and  2000  Hz  controlled  ut  location  A.  The 
spcctrul  analysis  employed  a  10-percent  bandwidth.  Using  a  digital  computer 
program,  these  spectra  were  examined  to  determine  preferred  locutions  of  units 
on  the  fixture  and  preferred  combinations  of  accelerometers  for  power  average 
control,  which  would  minimize  variations  between  unit  attachment  point  and 
control  signal  motions.  Below  approximately  800  Hz,  the  fixture  behaved 
essentially  us  a  rigid  plute.  The  variations  above  80C  Hz  are  illustrated  in  Fig, 
2-11.  The  two  curves  of  this  figure  represent  the  maximum  amplification  and 
maximum  attenuation  between  any  accelerometer  location  in  Fig,  2-10  and 
accelerometer  location  B.  The  values  were  obtained  from  the  square  root  of  the 
ratio  of  the  spectral  density  values  in  each  bandwidth.  In  other  words,  they 
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represent  approximately  the  rms  transmissibillty  within  each  10-pcrcent  band¬ 
width.  In  decibels,  the  largest  deviations  were  +  l8.fulB  and  —14.0  dB.  While  this 
example  may  be  a  3o  situation,  it  Is  believed  that  the  need  for  cure  in  applying 
fixture  specifications  is  apparent.  Clearly,  a  more  simple  or  rigid  fixture  is  hard 
to  imagine  and  the  units  have  to  be  tested  in  whatever  size  they  are  built. 
Although  it  might  be  desirable,  specifications  so  far  have  been  unable  to  change 
the  laws  of  physics, 

Besides  consideration  of  specifying  fixture  characteristics  which  me  practical 
to  aehiove  by  use  of  normal  vibration  test  equipment  and  good  engineering 
practice,  consideration  should  also  be  given  to  the  effects  of  such  u  specification 
on  the  simulation  characteristics  und  therefore  confidence  In  the  test  results.  The 
kind  of  test  objects  cited  at  the  beginning  of  this  discussion  typically  mount  to 
spacecraft  structure  through  many  small  screws.  It  is  suspected  that  in  many 
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Pill.  2-11.  Maximum  amplification  ami  muximuni  attenuation  of  vlbrution  fixture 
(sou  Pig.  2-10), 


instances.  It  is  the  unit  which  stiffens  tlie  structure,  rather  than  vice  versa. 
Testing  of  s'tch  units  on  very  rigid  fixtures,  such  us  a  3- l/2-ln.-thick  magnesium 
plutc,  Is  less  than  a  complete  simulation  and  obviously  Introduces  atypical 
responses  In  the  unit  during  test,  While  it  is  still  beyond  our  capability  to  solve 
Ihis  simulation  problem,  it  does  not  appear  that  encouraging  a  trend  to  more 
rigid  fixtures  through  overly  ilgid  fixture  specifications  is  u  step  towurd  Im¬ 
proved  simulation. 

Summary 

The  discussion  In  this  section  under  the  title  of  "Necessary  Accuracy”  has 
been  rather  fur  ranging  and  has  attempted  to  analyze  u  number  of  factors  which, 
when  controlled  to  appropriate  tolerances  or  accuracy,  will  provide  useful 
and  valid  test  results.  In  effect,  an  approach  to  specification  of  vibration  tests 
which  constitutes  a  balanced  design  of  experiment  has  been  described.  It  is 


52 


SELECTION  AND  PERFORMANCE  OF  VIBRATION  TESTS 


perhaps  appropriate  to  conclude  the  discussion  by  summarizing  the  main  points 
which  were  as  follows: 

1.  Selection  of  permissible  variations  of  test  conditions  should  be  based  on 
requiring  only  that  accuracy  necessary  to  achieve  a  proper  design  of  experiment, 

2.  The  allowable  tolerance  specified  on  vibration  level  should  be  consistent 
with  the  accuracy  with  which  the  level  was  derived, 

3.  If  specified  tolerances  are  to  be  useful,  their  specification  must  be  com¬ 
plete  and  unambiguous, 

4.  If  specified  tolerances  ure  Intended  to  be  complied  with,  the  tolerances 
must  be  physically  attainable  with  reasonable  engineering  effort. 

5.  The  use  of  power  averaging  control  In  random  tests  and  averaging  or 
signal-selection  control  In  sinusoidal  tests  will  both  improve  the  quality  of  the 
test  and  tile  ease  with  which  specified  conditions  can  be  achieved. 

6.  The  quality  and  value  of  a  vibration  test  is  primarily  a  function  of  the 
competence  of  the  test  engineering  personnel,  The  use  of  close  tolerances  as  a 
means  of  achieving  high-quality  tests  is  not  always  effective  and  may  even  be 
detrimental. 


CHAPTER  3 

SIMULATION  CHARACTERISTICS 
OF  TEST  METHODS 


The  purposo  of  most  vibration  tests  Is  to  simulate  the  conditions  that  will 
occur  in  the  Intended  use  of  an  Item,  he,,  Its  vibration  environment.  It  was  stated 
earlier  thut  tests  are  intended  to  simulate  either  the  environment  or  Its  effects.  In 
reality,  vibration  tests  only  simulate  the  effects,  Real  environments  arc  much  too 
complex  to  reproduce  exactly;  In  addition  to  the  factors  such  as  waveform, 
Impedance,  excltution  direction,  etc.,  there  are  the  effects  of  other  environments 
which  may  act  simultaneously  with  the  vlbrution  such  as  high  temperature, 
acceleration,  etc.  Hence,  vibrutiun  tests  are  designed  to  simulate  the  more 
Important  vibrational  characteristics  of  uctual  conditions  and  thus  produce  the 
desired  effects.  The  Important  characteristics  ure  related  both  to  the  objectives 
of  the  test  and  to  the  damaging  effects  of  vibration.  These  factors,  which  arc 
interrelated,  dlctute  the  degree  of  simulation  roqutred.  Chapter  2  contains  a 
discussion  on  the  simulation  characteristics  of  vurluus  test  parameters  urnl 
techniques  In  terms  of  how  these  factors  relate  to  actual  environments  and  their 
Importance  in  relation  to  the  objective  of  the  lest.  Conversely,  this  chapter 
contains  a  discussion  of  simulation  characteristics  In  terms  of  effects,  The  test 
parameters  of  the  standard  methods,  i.e.,  slnusotdul  dwell,  sinusoidal  sweep,  and 
broadband  random,  are  examined  and  compared  on  the  basis  of  their  dumage 
potential.  In  uddition,  the  characteristics  of  two  "non-standard”  methods,  nar¬ 
rowband  random  and  gunfire  vlbrution,  ure  briefly  discussed. 

The  discussions  of  test  simulation  here  are,  of  necessity,  more  mathematical 
than  other  chapters  although  the  treatment  hus  been  purposely  simplified.  More 
rigorous  treatments  of  the  mutertal  are  found  in  works  listed  in  the  bibliography. 
A  word  of  caution:  The  subject  of  vibration  is  complex  and  the  simplified 
mathematical  treatment  opens  the  door  to  misinterpretation  and  misapplication. 
Even  if  the  mathematics  is  manageable  there  is  the  danger  of  ascribing  more 
accuracy  to  the  analytical  results  than  is  justified  by  tire  accuracy  of  the  input 
data. 

3.1  Mathematical  Model  for  Measurement  of  Simulation  Parameters 

Where  necessary,  the  properties  of  different  test  methods  or  of  a  single  tost 
method  us  a  function  of  the  test  conditions  ure  compared  by  measuring  response 
parameters  of  a  slng!e-degree-of-freedom  (SDF)  systom.  The  equations  for  an 
SDF  system  are  convenient  and  familiar  to  most  engineers.  They  are  not  limited, 
however,  to  the  study  of  SDF  systems,  since  in  normal  mode  theory  the 
differential  equations  of  mution  for  a  single  normal  mode  of  a  multidegree-of- 
freedom  system  huve  the  same  form  as  those  for  an  SDF  system. 
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The  mathematical  model  used  lor  the  evaluations  is  shown  In  l-'ig.  3-1.  A 
base-excited  system  was  chosen  because  the  preponderance  of  tests  mo  per¬ 
formed  by  controlling  the  busc  motion.  The  dllTorentlal  equation  of  motion  for 
this  system  Is 


Ml 


d'x 

dF 


k(x  -  a) 


0, 


or,  alternatively,  in  terms  of  the  relative  motion, 


+  ky 


where 

m  =  muss  (lb -sue1 /In.) 
c  =  viscous  dumping  constant  (lb-sec/ln.) 
k  =  spring  constant  (lbs/in,), 


Pig.  3-1,  Muthomutlcul  modal  of  single-dogreo-of-frocdom 
(S131-)  system. 


The  steudy  state  solutions  of  those,  equations  for  sinusoidal  excitation  of  the 
form  s(0  =  So  sin  wf,  where  both  i’(,  and  u,  the  forcing  frequency,  uro 
constant  with  time  are 
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—  =  H  sin  (wf  -  0), 

Ao 

where  T  and  H  in  these  equations  are  defined  as  the  motion  transmissibility  and 
the  amplification  factor,  respectively,  The  equations  for  these  factors  are 


/  1  +  (2^/(0,,)* 

[l  -  (wa/wj|)]*  +  (2fai/u>„)1 


[l  -  («a/w*)]*+( 2tw/w„)* 


f  =  fraction  of  critical  damping  (c/2\/itm)  (dimensionless) 
uiH  -  undamped  natural  frequency  (v/it/m)  In  rad/sec 
J'n  “  w„/2rr  Hz. 

The  transmissibility  T  Is  plotted  vs  the  nondimcnsiona!  frequency  w/wfl  In  Fig. 
5-2  for  several  values  of  damping. 

For  steady  state  excltution  the  maximum  response  will  occur  for  the  forcing 
frequency  approximately  equal  to  the  natural  frequency,  oi/co,,  =  1.  In  this 
case  Hq.  (5-2)  reduces  to 

„  _  1 


The  value  1/2J  is  defined  us  the  peak  amplification  or  quality  factor  and  is 
commonly  referred  to  us  Q. 

The  quantity  Q,  a  term  often  used  In  electrical  engineering,  is  a  measure  of 
the  sharpness  of  the  resonant  peuk  of  un  SDF  system.  This  Is  illustrated  in  Fig, 
3-3,  which  is  u  detail  of  the  resonance  area  of  a  response  vs  frequency  curve.  The 
bundwidth  B  of  this  resonance  peuk  measured  at  the  half-power  point  (I, c.,  at  a 


value  R 


J\/2)  is  approximately  related  to  Q  by 


for  values  of  dumping,  f ,  loss  than  0.1. 


transmissibility  t 
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.  FORCING  FREQUENCY  f 
RA  U  1  NATURAL  FREQUENCY  ' 

I'lg.  3-2.  Trunsmtssibllily  functions  of  SD1'1  system  (from  lii|,  3-1),  l;rom 
Shock  ami  Vibration  Handbook,  vol.  I,  Fig.  2,17,  p.  M2;  copyright  1961 
by  McGraw-Hill  Book  Co,,  Inc.  Used  by  permission, 
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big,  3-3.  Resonance  area  of  response  vs  frequency  Illustrating 
liulf-powcr  bandwidth  (U).  Prom  Shock  and  Vibration 
Handbook,  voL  1,  Pig.  1,22,  p.  2- IS;  copyright  1961  by 
McGraw-Hill  Company,  Inc.  Used  by  permission, 

3.2  Sinusoidal  Test  Methods 

Single-Frequency  Sweep 

Of  the  two  stuitdurd  sluusoldul  methods,  the  single-frequency  sweep  is  the 
least  likely  to  resemble  an  aetuul  environment.  Nevertheless,  It  Is  a  more 
desirable  tost  thun  the  resonance  dwell  tor  reasons  which  arc  cxpluined  In  the 
discussion  of  rosunanco  dwell  testing  (page  67). 

In  the  sweep  test  the  exeltutlon  frequency  w  Is  continuously  varied  between 
an  upper  uttd  a  lower  frequency  limit.  The  rate  of  change  of  the  excitation 
frequency  and  the  method  of  varying  this  rate  as  a  function  of  test  frequency 
have  u  significant  effect  on  the  response  of  equipment.  The  sweep  rule  controls 
the  amplitude  of  resonant  response,  and  the  sweep  method  controls  the  umount 
of  time  nr  number  of  cycles  In  any  frequency  rungc. 

Effect  of  Sweep  Rate.  When  u  specimen  is  excited  by  constant  sinusoidal 
excitation  ul  a  rosonunt  frequency,  the  amplitude  of  the  response  will  gradually 
build  up  to  a  level  proportional  to  tire  level  of  excitation  and  the  amplification 
factor  of  the  resonance.  This  final  level  is  termed  the  steady  state  response.  The 
number  of  cycles  of  constant  excitation  required  to  obtain  steady  stale  response 
is  proportional  to  the  amplification  of  the  resonance;  the  greater  the  Q  the  more 
cycles  necessary  to  build  up  to  steady  state  response.  When  the  excitation 
frequency  is  varying,  us  In  a  swoop  lest,  the  number  of  cycles  In  any  frequency 
hand  Is  dependent  on  the  rate  of  change  of  exeltutlon  frequency.  Steady  stulc 
response  can  be  approximated  only  if  this  rate  is  slow  enough  to  ullow  a 
sufficient  number  of  cycles  to  occur  in  the  bandwidth  of  the  resonance  (see  Fig. 
3-4). 
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Fig.  34.  Excitation  and  response  time  histories  of  sweeping  sinusoidal  Inputs. 


Exact  mathematical  solutions  [34-361  of  the  response  of  u  linear  8DF  system 
to  a  sinusoidal  vibration  whose  frequency  Is  varying  are  complicated  and  depen¬ 
dent  on  several  variables,  such  as  sweep  rate,  damping,  natural  frequency,  sweep 
method,  and  direction  of  sweep.  As  u  good  approximation  it  was  found  137] 
thut  the  percentage  of  maximum  steady  state  response  is  dependent  on  a  single 
parameter  which  combines  damping,  resonant  frequency,  und  the  time  rate  of 
change  of  the  excitation  frequency,  as  the  excitation  pusses  through  the  u sonant 
frequency.  The  fraction  of  steady  state  response  vs  this  sweep  parameter  is 
shown  in  fig,  3-5.  in  terms  of  the  sweep  parameter  y,  the  fraction  of  steady 
state  response  Cl  is  approximated  by 


wire  re 


G’  =  1  -  exp  ^--2,8677  ”U'44i)  ,  (34) 


q!  i  Pi 

q  =  l/l  =  (swoop  parameter) 

Jn  B 

l/l  =  absolute  value  of  time  rate  of  change 
of  frequency  at  resonant  frequency  /„ 

H  =  hulf-puwor  bandwidth, 


(3-5) 
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5<j 


lflg.  3-5.  Fraction  ul'  steady  state  response  attained  by  a 
mechanical  oscillator  as  a  function  of  sweep  parameter  >j 
(front  Ref.  37), 


With  a  sweep  parameter  of  one,  the  response  obtained  In  u  sweep  test  will  be 
approximately  US  percent  of  the  value  which  could  be  obtained  in  a  dwell  at  the 
resonant  frequency. 

In  addition  to  the  effect  on  response  amplitude,  the  sweep  rate  has  an  effect 
on  the  frequency  of  peuk  response.  With  an  Increasing  excitation  frequency  the 
peak  response  will  occur  at  u  frequency  greater  than  the  rosonant  frequency. 
With  decreasing  excitation  frequency  the  peuk  will  occur  at  a  frequency  less  than 
the  resonant  frequency.  The  amount  of  shift,  like  the  amplitude  of  response,  Is 
dependent  on  sweep  rale,  damping,  etc.  This  effect  Is  illustrated  In  Fig.  3-b, 
which  shows  a  series  of  response  curves  at  various  sweep  rates  for  both  de¬ 
creasing  and  increasing  excitation  frequency  1 34) . 

Effect  of  Sweep  Method.  Depending  on  the  purpose  of  the  test,  one  may 
wish  to  control  the  number  of  cycles  or  me  time  at  high  amplification.  For 
example,  simulation  of  transients  may  require  an  equal  number  of  cycles,  since 
natural  modes  with  equal  dumping  will  decay  in  an  equal  number  of  cycles. 
Similarly,  a  fatigue  life-test  would  dictuto  un  equal  numbei  of  cycles  at  each 
resonance.  However,  for  a  service  life-tost  equal  time  at  high  amplification  may 
be  more  desirable.  The  appropriate  sweep  method  will  bo  different  for  each 
requirement,  und  may  be  determined  us  outlined  in  the  following  paragraphs. 

Sweep  Method  to  Produce  h't/uul  Number  of  Cycles  at  I'ach  Resonance.  For 
a  system  excited  by  swept  frequency,  the  number  of  cycles  at  any  resonance 
with  peak  levels  equal  to  or  greater  than  a  given  fraction  K  of  steady  slate 
response  (sec  Fig.  3-4)  can  be  approximated  by 


>1 
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(«) 


I'ig.  3-6.  Resonance  envelopes  of  nn  SD1*  system  subjected  to 
slnusoidul  sweep  (Q  -  10)  for  various  vulues  of  sweep  parameter  rj 
(from  Ref,  34):  (a)  Increasing  frequency  and  (b)  decreasing  frequency. 
Reprinted  from  "Vlbiutlons  During  Acceleration  Through  u  Crltlcul 
Speed,"  by  !•'. M.  Lewis,  1'raiis.  ASME  76,  pp.  753-261 ;  copyright  1932 
by  the  American  Society  of  Mechanical  Inglncers,  Used  by  permission, 
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N:  = 


QisfrlK'  -  1 

V 


where  the  subscript  l  refers  to  the  /th  resonance.  Substituting  for  rj  from  Eq. 
(3-5)  results  in 


f?  s/sJk*  -  1 
<2/1/1 


(3-6) 


For  an  equal  number  of  cycles  ai  each  resonance  of  a  specimen,  it  is  evident 
from  Eq.  (3-6)  that  the  sweep  rate  must  be  inversely  proportional  to  the 
amplification  fuctor  and  proportionui  to  the  square  of  tne  frequency.  That  is, 


A  relationship  between  Q,  and  I',-  would  allow  formulation  of  a  proportion¬ 
ality  between  sweep  rate  and  sweep  frequency.  There  are  two  types  of  damping, 
system  and  material,  which  must  be  considered  in  searching  for  a  relationship. 
System  damping  includes  the  damping  that  occurs  in  (1)  interfaces,  joints,  and 
fasteners,  (2)  electromechanical  systems  where  energy  is  dissipated  because  of 
interaction  between  electrical  or  electromagnetic  phenomena  and  physical 
bodies,  and  (?)  hydromechanical  and  acoustic  systems  where  energy  is  dissipated 
through  fluid  How.  Materiul  damping,  conversely,  involves  the  energy  which  Is 
dissipated  within  the  body  of  the  structural  material.  System  damping,  even 
though  it  can  be  an  important  mechanism  in  the  total  energy  dissipated  by  a 
specimen,  does  not  lend  itself  to  mathematical  treatment  and  is  therefore  not 
discussed  here.  Material  damping,  on  tire  other  hand,  lias  received  considerable 
mathematical  treatment  with  results  that  have  important  significance  for  vibra¬ 
tion  testing.  La/an  [38)  shows  that  the  amplification  of  a  natural  mode  of  a 
specimen  is  related  to  the  total  strain  energy  h'0  ami  energy  dissipated  Du  in  the 
mode  by 


Tire  strain  energy  is  proportional  to  the  square  of  the  stress,  which,  in  turn,  is 
proportional  to  the  vibration  response  (e.g.,  deflection  velocity,  or  acceleration). 
The  specific  damping  energy  is  related  to  the  stress  by 


D  =  Jo"  . 
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where  J  is  a  material  constant,  This  relationship  is  approximated  from  damping 
vs  stress  data  gathered  from  a  variety  of  materials  as  illustrated  in  Fig,  3-7,  For 
viscoelastic  materials  ;i  =f=  2.  For  many  structural  materials,  however,  n  /  2  and 
has  representative  values  of  n  =  2.4  in  tire  low-to-lntcnnediate  stress  regions 
(stress  levels  less  than  80  percent  of  the  endurance  limit)  and  n  =  8  in  the  high 
stress  regions.  The  total  damping  energy  D0  is  related  to  the  specific  damping 
energy  D  by  factors  which  account  for  specimen  geomotry  and  stress  distribu¬ 
tion,  The  equation  for  Q  is  therefore  restated  as 

Q  =  K  (response  level)  *~n,  (3-7) 

where  K  Is  a  constant  only  for  a  given  material,  specimen  geometry,  and  stress 
distribution,  Consequently  its  value  will  vary  widely  for  different  natural  modes 
of  a  specimen,  Therefore,  for  most  systems,  there  Is  no  valid  relationship 
between  Q  and  natural  frequency,  and  the  sweep  rate  proportionality  cannot  be 
reduced  to  a  function  involving  sweep  frequency  ulone, 

There  are,  however,  certain  special  cases  where  liq.  (3-7)  Is  useful  for  defining 
a  sweep  method.  For  viscoelastic  materials  n  =  2  and,  from  Hq.  (3-7),  Q  Is 
Independent  of  response  level.  In  this  situation  (n  =  2),  the  constant  K  is 
independent  of  specimen  geometry  and  stress  distribution  and  is  a  function  of 
material  alone.  Therefore,  If  the  damping  is  dissipated  in  the  same  material  for 
all  modes,  Q  Is  a  constant,  and  a  sweep  rate  proportional  to  the  square  of  the 
sweep  frequency  will  produce  an  equal  number  of  cycles  in  all  resonances  of  the 


Mg,  3-7.  Damping  stress  relationships  Urom  Ref.  3B).  l-'rom 
Structural  Damping,  papers  presented  at  a  colloquium  at  the 
ASM!',  annual  meeting  In  Atlantic  City,  N.J.,  December  1959; 
copyright  1 959  by  tins  American  Society  of  Mectmnioal  Engineers, 
Used  by  permission. 
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Sweep  Method  to  Produce  Equal  Time  at  Each  Resonance.  The  time  spent  in 
any  frequency  band  is  cquul  to  the  number  of  cycles  of  oscillution  that  occurred 
while  in  the  band  divided  by  the  center  frequency  of  the  band,  and  therefore 
from  Eq,  (3-tv) 


W  = 


For  equal  time  ut  each  of  (lie  tilt  resonances,  therefore,  the  sweep  rate  must 
be  proportional  to  frequency  and  Inversely  proportional  to  amplification  factor: 


For  viscoelastic  damping  of  a  specimen  of  uniform  material,  £?  Is  constant  and 
the  sweep  rate  Is  proportlonul  to  sweep  frequency. 

Characteristics  of  Linear  and  Logarithmic  Sweep  Methods.  There  are  two 
stundaid  sweep  methods,  linear  und  logarithmic.  In  the  linear  sweep  the  time 
rate  of  change  of  frequency  is  constant.  This  constant  It  is  called  the  linear  sweep 
rate  with  units  of  Hz/sce.  In  the  logarithmic  sweep  the  excitation  frequency  Is 
varied  at  a  rate  proportional  to  Itself.  Hence, 


where  0  is  the  logarithmic  sweep  rate  in  oetaves/min. 

Substitution  of  these  terms  for  |/|  Into  liqs.  (3-6)  and  (3-8)  provides  the 
following  relationships  for  the  number  of  cycles  and  time  spent  at  cueh 
resonance: 
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v  Logarithmic 


Lk1 

~Q  n  In  2 


60  Vf  " 1 

r  _ ’  A _  ^3.121 

1  Logarithmic  O  /3  In  2  '  ; 

The  time  required  to  sweep  between  u  lower  und  upper  frequency  limit  in  a 
linear  sweep  in  seconds,  is 

rs  •  (3-13) 

The  time  required  to  sweep  between  two  frequencies  In  u  logarithmic  sweep, 
in  seconds,  is 


Diagnostic  Uses  of  Sweep  Tests.  A  common  use  of  the  sinusoidul  sweep  Is  the 
determination  ol  test  item  dynamic  properties  and  tire  effect  of  excitation 
frequency  upon  performance  characteristics.  Resonant  frequencies  cun  be  deter¬ 
mined  by  monitoring  tire  responses  of  the  item  us  it  is  excited  by  sinusoidal 
acceleration  with  slowly  varying  frequencies,  functional  performance  of  oper¬ 
ating  equpment  can  be  monitored  during  the  sweep  to  determine  critical  fre¬ 
quencies  where  performance  is  degraded.  It  is  important  in  these  tests  that  the 
sweep  rate  be  slow  enough  to  approximate  steady  state  conditions;  us  discussed 
curlier,  the  amplitude  of  response  and  the  frequency  of  peak  amplification  urc 
dependent  on  sweep  rate. 

Transm1'  ibilities  and  peak  amplification  factors  ure  properties  which  can  ulso 
be  determined  in  a  ssveep  to--1  (The  more  general  ease  of  modal  resting,  where 
detailed  dynamic  properties  such  us  mode  shapes  are  determined,  is  discussed  on 
page  68.)  Tire  trausmissibllity  is  defined  as  the  ratio  of  a  stcudy  state 
response  parameter  to  a  steady  state  exeilutlon  paranMer,  such  as  the  accelera¬ 
tion  response  of  a  part  of  a  specimen  divided  by  the  acceleration  excitation  ol' 
the  specimen.  Conversely,  the  peak  amplification  factor  Q  Is  u  measure  of  tire 
damping  in  a  particular  mode  of  vibration  and  Is  related  to  tire  sharpness  of  the 
resonant  peaks  in  the  transmissibility  curves,  Thu  value  of  Q  cannot  always  be 
determined  from  the  peak  value  of  the  trunsmissibillty  curve  as  it  is  often 
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Incorrectly  clone.  (In  certain  special  cases  where  the  test  itom  may  be  considered 
un  SDF  system  the  Q  may  be  equal  to  the  peak  transmlssiblllty.) 

The  following  example  illustrates  the  difference  between  Q  and  trails- 
mlsslbllity.  Consider  a  structurally  damped  two-degroe-of-freedom  system  as 
shown  in  Fig.  3-8,  The  structural  coefficient  for  this  system  is  0.05,  a  value 
equivalent  to  a  fl'of  20.  The  motion  transinisslbillties  between  the  musses  and 
the  foundation  are  shown  in  Fig.  3-d .  The  peak  values  of  the  transmlsslbillties  In 
the  two  natural  modes  vary  depending  on  coordinate  even  though  the  damping  in 
each  mode  is  equivalent  to  a  Q  of  20.  The  Q' s  cun  be  determined,  however,  from 
the  relationship  between  the  half-power  bundwidth,  nutural  frequency,  and  Q 
from  Fq,  (3-3); 


The  accuracy  of  this  computation  for  a  particular  mode  depends  not  only  on 
Instrumentation  uocuruey  und  curve  resolution,  but  also  on  the  participation  of 
modes  of  other  natural  frequencies.  If  there  are  two  close  nutural  frequencies, 
euoh  nutural  mode  may  significantly  participate  In  the  response  at  both  fre¬ 
quencies.  In  other  words  there  will  be  Interference  und  the  shupe  of  the 
resonance  curve  will  Include  the  response  motion  of  more  than  one  mode;  thus 
the  computation  of  the  half-power  bandwidth  will  be  in  error.  This  is  illustrated 
In  Fig.  3-10,  a  hypothetical  trunsinissibillty  curve  showing  Iwo  resonances  close 
in  frequency.  The  dotted  lines  Indicate  the  shape  the  resonance  curve  would 
have  if  there  had  been  no  Interference.  The  error  in  bandwidth  Is  noted  by  the 
difference  in  widths  measured  between  the  solid  and  the  dotted  lines.  There  will 
always  be  some  interference  in  the  resonance  peak  from  participation  of  other 
inodes,  regardless  of  the  separation  in  natural  frequencies.  However,  the  Inter¬ 
ference  will  have  less  effect  on  high  resonant  peuks  than  It  will  for  low  resonant 


Fig.  3-H,  Two-dcgrcc-uf- freedom  model. 
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Ml!.  3-10.  Two  close  resonances  Illustrating  error  In  deter- 
riilnlnj!  peak  umpliricatlon  from  niousuronient  of  liulf-powcr 
buiul  will  III. 


peaks  utiil,  therefore,  when  there  Is  a  choice  of  trunsmlssibllities  from  various 
locations  It  Is  best  to  measure  the  bandwidth  of  the  highest  peak  describing  the 
resonance. 

Resonance  Dwell 

In  the  resonance  dwell  the  test  item  Is  excited  with  constant  sinusoidal 
motion  at  a  series  of  Used  frequencies  corresponding  to  the  resonant  frequencies 
of  the  lest  item.  The  test  is  designed  to  simulate  the  fatigue  effects  of  a  vibration 
environment  based  on  the  assumption  that  fatigue  damage  is  primarily  the  result 
of  resonant  response.  This  assumption  may  be  warranted,  but  the  test  Is  difficult 
to  iclate  to  service  conditions  which  have  random  loading  histories.  The  diffi¬ 
culty  Is  In  tire  determination  of  lost  conditions,  level,  and  duration  that  will 
simulate  the  service  fatigue  effects.  It  Is.  essentially,  a  problem  of  determining 
an  equivalence  between  sinusoidal  and  random  vibration.  Mathematical  studies 
of  tills  equivalence,  which  are  considered  in  a  later  section,  and  experimental 
studies  |.W-41)  show  a  wide  variation  in  results,  suggesting  that  an  equivalence 
does  not  exist  except  for  a  few  special  eases. 

The  specification  for  u  dwell  test  should  Include  (I)  a  definition  of  the 
resonant  frequencies  or  a  specification  of  how  they  are  to  be  determined,  (2)  the 
level  of  excitation,  and  (3)  the  duration  of  each  dwell. 

The  number  of  frequencies  tested  is  usually  less  than  the  number  of  resonant 
frequencies  the  item  possesses  within  die  frequency  range  of  the  test.  This  is 
allowed  to  enable  a  minimum  duration  for  each  resonance  tested  within  a 
maximum  lolal  lesi  time.  The  determination  of  these  test  frequencies  is  the 
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critical  fact  or  In  dwell  testing.  For  an  adequate  lest  the  frequencies  selected 
must  correspond  to  the  resonances  where  fatigue  failure  is  most  probable  in  the 
service  environment.  To  accomplish  this  the  item  must  reeelvo  prior  testing  and 
analysis  to  dcicntrlna  the  significant  resonances.  The  significance  of  the  reso¬ 
nances  can  only  be  determined  by  a  knowledge  of  the  stresses  that  occur  In  each 
resonance.  Many  military  environmental  test  specifications  suggest  that  the 
significance  of  a  resonance  can  be  determined  by  the  level  of  tire  trunsmlssl- 
bllltics  monsnred  In  a  resonunee  search.  They  recommend  that  resonances  with 
peak  trunsmissibilltles  greater  than  two  be  chosen  for  dwell  frequencies.  How¬ 
ever,  since  tire  peak  levels  of  the  transmlsstbtllty  data  are  dependent  on  the 
locution  of  the  accelerometers,  this  method  can  result  In  the  selection  of 
Insignil'ituni  resonances  and,  more  Important,  the  significant  resonunces  may  go 
undetected.  For  example,  consider  the  trunsmissibilltles  of  the  two-dogrcc-of- 
freedom  system  shown  In  Fig.  3-8.  An  accelerometer  pluced  on  lire  lurger  muss 
would  measure  a  peak  liunsmlssibilily  of  less  than  two  ut  the  second  resonant 
frequency  of  the  system  (see  Fig.  3-0).  This  resonance,  which  happens  to 
produce  high  stresses  in  the  springs  between  the  masses,  Would  not  be  chosen  for 
resonance  dwell  according  to  the  ubove  criteria. 

Modal  Testing 

Modal  icsla,  commonly  referred  to  In  tine  literature  us  resonunee  testing,  urc 
carried  oul  to  determine  experimentally  the  dynumic  parameters  of  u  tost  item. 
These  measuruble  parameters  ate  (1)  natural  frequencies,  (2)  principal  inode 
shapes,  and  (3)  nondlmcnslonul  dumping  factors.  A  simplified  type  of  modal  lest 
is  tire  resonance  search  test  which  is  curried  out  to  determine  resonant  fre¬ 
quencies  of  tire  test  item  prim  to  the  resonunee  dwell  test.  'I  bis  section  discusses 
methods  for  determining  mode  shapes  and  dumping  coefficients  which  require 
more  complicated  test  procedures,  instrumentation,  and  data  reduction  and 
evaluation.  Tito  theory  of  resonunee  testing  Is  well  documented  in  papers  by 
Kennedy  and  I’ancu  142]  and  Bishop  und  Gludwcll  [43) ,  which  arc  summarized 
in  the  following  discussion. 

The  foundation  of  normul  mode  theory  is  that  a  st'uclure,  when  vibrating 
freely  or  when  forced,  luts  a  total  motion  which  is  a  sum  of  the  motions  of 
individual  normul  modes.  The  properties  of  normal  modes  arc 

1.  liucli  normal  mode  responds  lo  ai  applied  force  as  a  slnglc-degrec-of- 
frecdom  system  i.e.,  there  is  no  coupling  between  normal  modes. 

2.  In  a  ilex  mill  mode,  ouch  point  of  the  system  oscillates  about  its  equilib¬ 
rium  position  along  a  certain  line  in  space,  fixed  relative  to  the’  equilibrium 
position  and  straight  when  the  oscillations  arc  small  enough  so  dial  all  angles  are 
equal  to  their  sines. 

3.  In  the  case  of  simple  harmonic  vibration  in  a  normal  mode,  all  polnls 
move  either  exactly  in  or  oxuctly  oul  of  phase  witlr  each  other.  That  is,  all  points 
reach  maximum  departures  from  lireir  equilibrium  positions  al  tiro  same  Instants. 
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4.  The  shape  of  each  normal  mode  Is  fixed  for  a  given  system  and  Is  indepen¬ 
dent  of  the  magnitude,  frequency,  or  location  and  direction  in  space  of  the 
applied  external  fortes  or  of  the  deflections  in  other  normal  modes  present.  That 
is,  in  any  given  normal  modo,  the  ratios  of  the  dofleetions  at  all  the  points  of  a 
structure  to  the  deflection  at  an  arbitrary  reference  point  are  always  constant, 
und  the  directions  of  these  deflections  are  fixed  in  space.  These  relatlvo  magni¬ 
tudes  and  directions  In  space  are  characteristic  of  the  normal  modo,  and  their 
specification  for  every  point  in  the  structure  will  be  referred  to  as  the  descrip¬ 
tion  of  the  "shupc”  of  that  mode. 

The  properties  of  normal  modes  hold  rigorously  only  for  proportional 
damping,  where  the  dumping  mutrix  Is  proportional  to  the  stiffness  or  inertia 
matrices,  or  for  zero  damping.  Damping,  which  Is  always  present  In  actual 
systems,  may  or  muy  not  be  proportional.  For  the  inuthomulios  to  be  tructuble, 
however,  the  assumption  of  proportional  damping  Is  required.  Because  the 
damping  forces  are  small  in  actual  systems  the  errors  in  this  assumption  are  not 
groat.  Some  cxporimontul  methods  described  by  Bishop  and  Glatiwell  do  not 
require-  the  assumption  of  proportlonul  dumping,  and  the  reader  Is  referred 
to  their  puper  for  descriptions  of  these  methods. 

Because  the  shape  of  each  mode  Is  fixed  It  Is  possible  to  doseribc  the  motion 
of  ouch  mode  by  a  single  coordinate  q„  which  is  called  the  normal  coordinate. 
The  physical  coordinates  of  the  system  aro  related  to  the  normal  coordinates  by 
the  linear  transformation 


u‘ w  =  2^  U)> 

M»1 

where  £>/„  represents  the  amplitude  of  the  /th  coordinate  when  the  system  is 
vibrating  in  a  single  mode  of  frequency  w„.  The  array  of  N  elements  <ptfl  is  the 
mode  shape  for  the  mh  mode. 

The  equation  of  motion  for  the  coordinate  of  a  normal  mode  has  the  same 
form  as  the  equutton  for  an  SDF  system 

9/i  "**  2  (/,,  +  wf|r/„  —  F  (f), 

where  ?„  is  the  dumping  factor  for  the  nth  mode  und  w„  ts  the  natural 
frequency. 

The  problem!  In  rosonunec  testing  is  to  determine  the  mode  shapes  the 
damping  factors  and  the  natural  frequencies  co„  from  the  measurable 
quuntity  (//(f).  the  displacements  of  the  system.  Bishop  und  Gludwell  discuss 
three  separate  techniques  for  resonance  testing:  (1)  the  peak-amplitude  method, 
(2)  the  Kennedy  and  Pancu  method,  ami  (3)  methods  involving  pure-mode 
excitation. 
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In  the  peak-amplitude  method  the  structure  is  excited  harmonically  and  the 
amplitudes  at  various  points  are  measured.  Total  amplitude  is  plotted  against 
excitation  frequency  lor  the  various  locations.  The  natural  frequencies  are 
identified  as  the  values  of  u>  at  which  the  peaks  are  attained.  The  damping 
factors  are  determined  by  measuring  the  sharpness  of  the  peak  about  the  natural 
frequencies.  This  measurement  requires  the  assumption  that  the  peaks  are  solely 
the  result  of  responses  in  a  single  normal  mode;  as  discussed  on  page  65  and 
illustrated  In  Fig,  3-10,  The  shapes  of  the  principal  modes  Hre  calculated  from 
the  ratios  of  the  amplitudes  at  vurlous  points  when  the  structure  is  being  excited 
at  a  natural  frequency.  Accurate  mode  shapes  are  difficult  to  obtain  and  there 
are  several  reusons  for  this,  The  primary  reason  is  that  the  response  amplitudes 
at  a  natural  frequency  of  a  harmonically  excited  structure  are  composed  of 
components  of  several  natural  modes,  Whereas  tho  damping  factor  is  calculated 
from  one  peak  about  which  there  Is  some  uncertainty,  the  mode  shape  Is  calculated 
from  the  ratios  of  a  number  of  peuks  about  each  of  which  there  Is  unccrialnty. 
This  meuns  that  If  an  error  is  made  In  estimating  the  contribution  to  any  peak 
from  the  resonant  mode,  the  error  In  the  mode  shape  Is  likely  to  be  many  times 
greater  thun  that  In  the  dumping  factor.  There  Is  also  a  praetleul  difficulty  in 
the  determination  of  mode  shapes  due  to  problems  of  maintaining  a  constant 
excitation  force  near  u  natural  frequency  of  a  structure. 

The  method  oi  Kennedy  and  I’uncu  differs  from  the  peak-amplitude  method 
In  its  approach  to  the  measurement  of  the  damping  factors  and  mode  shapes. 
Instead  of  measuring  just  the  amplitude  of  tho  vibration,  the  amplitude  and 
phase  are  measured.  The  major  cause  of  Inaccuracy  In  the  estimation  of  the 
dumping  factors  and  mode  shapes  In  the  peak-amplitude  method  Is  the  presence 
near  the  resonant  frequencies  of  unknown  amounts  of  vibration  In  tho  off- 
resonant  modes,  Kennedy  and  Paneu  make  use  of  tho  phase  relationship  proper¬ 
ties  of  normal  modes  to  extract  from  the  total  vibration  the  vibration  of  a  single 
normal  mode,  iheir  method  involves  considerably  more  data  reduction  and 
evaluation  and  more  care  in  the  control  of  the  excitation  forces  than  the 
peak -amplitude  method,  The  accuracy  of  the  results  however,  is  considerably 
greater  than  those  obtained  In  the  peak-amplitude  method. 

The  third  technique  for  obtaining  tite  dynamic  properties  of  a  structure  is 
termed  pure-mode  excitation,  The  difficulty  in  interpreting  response  amplitude 
data  when  the  vibration  is  composed  of  several  modes  can  bo  eliminated  If  the 
structure  can  be  made  to  vibrato  in  a  single  tiormul  mode  ut  u  time.  To  gel  the 
system  to  vibrate  in  a  single  mode  requires  a  forcing  function  which  Is  decoupled 
from  all  other  modes  except  the  one  in  question.  This  can  be  accomplished  only 
if  the  distribution  of  the  force  has  the  sume  shape  us  tho  mode  being  determined 
(i.e.,  t.he  forcing  function  must  be  orthogonal  to  ull  other  modos),  Since  it  is 
precisely  this  shape  which  is  being  determined,  the  experimental  difficulty  Is 
apparent.  Systematic  iteration  procedures  involving  multiple  excitation  urc  re¬ 
quired.  Two  such  procedures,  reviewed  by  Bishop  and  Gludwell,  are  (1)  the 
method  of  Lewis  and  Wrlsley,  and  (2)  the  methods  of  Traill-Nash  und  Asher. 
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Both  of  these  methods  require  multiple  excitation  and  considerable  data  process¬ 
ing  and  evaluation.  The  reader  is  referred  to  the  reference  material  for  descrip¬ 
tions  of  these  methods, 

3.3  Random  Test  Methods 

The  udvisabllity  of  using  random  vibration  to  simulate  field  environments  was 
first  suggested  in  the  1950'*  (44 1 .  Since  that  time  its  use  has  become  increasing¬ 
ly  popular,  so  that  today  most  vibration  laboratories  have  capabilities  for 
producing  broadband  random  motion.  The  Increasing  use  of  random  vibration 
was  brougiit  about  by  the  fact  that  most  of  the  vibration  encountered  by 
military  equipment  is  random  In  time  rather  than  periodic  and  has  u  frequency 
spectrum  which  Is  continuous  rather  than  discrete,  and  by  the  realization  that,  in 
general,  It  Is  not  possible  to  simulate  one  type  of  vibration  by  another,  i.e.,  the 
simulation  of  random  with  Iked  or  varying  frequency  sinusoids, 

in  random  testing  the  excitation  waveform  has  a  normul  or  Gaussian  Instan¬ 
taneous  amplitude  distribution.  The  test  amplitude  and  frequency  are  described 
by  the  acceleration  spectral  density  vs  frequency,  or  simply  the  spectral  density 
curve.  The  standard  random  vibration  test  is  broadband,  usually  20  to  2000  Hz, 
with  relatively  constant  spectral  density.  In  cases  whore  the  environment  is  more 
completely  defined,  the  spectral  density  may  vary  significantly  with  frequency. 

Characteristics  of  Random  Vibration 

A  random  time  function  consists  of  a  continuous  distribution  of  sine  waves  at 
all  frequencies,  the  amplitudes  and  phase  angles  of  which  vary  lit  an  unpredict¬ 
able  (random)  manner  as  u  function  of  time. 

Such  a  function  may  be  visualized  as  follows:  Consider  an  oscillator  which 
generates  a  sinusoid 


4(0  =  *'(0  sin  [w t  +  (H0|  • 

The  amplitude  s(0  and  the  phase  angle  $t)  both  vary  with  time  in  a  random 
fashion,  if  the  outputs  of  a  number  of  such  oscillators  with  different  frequencies 
w  ate  added  together,  something  close  to  a  random  function  as  defined  above  is 
obtained.  In  the  limit  as  the  number  of  oscillators  approaches  infinity  so  that 
there  is  essentially  zero  frequency  difference  between  adjoining  oscillators,  then 
a  random  function  with  u  continuous  spectrum  Is  formed. 

The  meun  square  value  of  the  ruudom  function  Is 

J  f  lUOl1  tit  =  o’  .  (3-15) 

*1) 

The  rms  valuo  o  is  the  square  root  of  the  mean  square  (m.s.)  vulue. 
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Two  other  statistical  parameters  used  in  describing  random  functions  arc  the 
probability  density  function  and  probability  distribution  function. 

The  probability  density  function  p(£/o),  Illustrated  In  Fig.  d-l  I.  defined  the 
probability  (or  fraction  of  time,  on  the  averago)  that  the  magnitude  of  the 
quantity  5(f)  will  He  between  two  values.  It  it  customary  to  normalize  the  curve 
by  plotting  the  magnitude  divided  by  the  rms  value  a  as  the  abscissa.  Thun  tho 
probability  that  the  magnitude  lies  between  f/o  and  (j|  +  d£)/o  is  equal  to  p{$lo) 
rf(^/a),  l.e.,  the  shaded  area  shown  in  Fig.  3-11.  Since  it  Is  certain,  with 
probability  1.0,  that  the  function  5(f)  lies  between  plus  and  minus  infinity,  the 
area  under  the  entire  curve  Is  unity. 

The  probability  distribution  function  (or  cumulative  distribution  function) 
P(k!o>),*  defines  the  probability  that  the  magnitude  of  t/o  will  exceed  a  certain 
value 

A  comparison  of  the  identifying  characteristics  of  the  probability  densities 
and  distributions  for  the  Instantaneous  values  of  a  sinusoidal  function  and  the 


Fig.  341.  Normalized  probability  density  function* -(A)  Ouussiun  or  nurmul 
distribution  and  (B)  Distribution  of  Instantaneous  values  of  u  sine  wuve,  Curve 
(A)  marked  X  10"1  indicates  hundredfold  expansion  of  the  ordinate  seule.  From 
Shock  and  Vibration  Handbook,  vol.  2,  Fig.  22.1,  p.  22-7;  copyright  1%1  by 
MeGruw-HIU  Book  Company,  Inc.  Used  by  permission. 


■The  probability  that  t In  is  ''greater  than"  Is  written  /’U/o  >);  conversely,  the  probability 
that  t/o  is  “less  than"  ts  written /*(t/o <),  /’U/o K)  ~  t  -  P(t/o  >), 
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particular  case  ot' Gaussian  landum  noise  Is  shown  In  Figs.  3-11, 3-12,  and  3-13. 
Gaussian  noise  Is  a  random  function  whose  Instantaneous  value  Is  defined  by  the 
Gaussian  or  normal  probability  density  function  given  by 

PWo)  =  — L  e-(W\  (3-16) 


where  a  Is  the  rms  value,  and  is  shown  by  curve  (A)  of  Fig,  3-1 1.  The  probability 
density  function  of  the  instantaneous  value  of  a  sinusoid  Is  shown  by  curve  (B) 
of  Fig.  3-1 1  and  Is  defined  by 


p  Wo)  = 


I 

ny/1 -Xifitf 


(3-17) 


The  density  functions  of  liqs,  (3-lh)  and  (3-17)  are  symmetrical  about  a  mean 
assumed  to  be  zero;  then  the  probability  that  exceeds  a  given  absolute  vuluo 
(or  magnitude)  l£  Us  twice  the  probability  that  It  exceeds  the  same  absolute 


Fig,  3-12.  Probability  distribution  functions -multiply  ordinate  scale  by  I'uctors 
tnurked  adjacent  to  curves  for  large  abscissa  values  -  (A)  Instantaneous  values  of 
broadband  and  nuirowbund  random  variation  -  Guusslun  distribution,  (B)  Peuks 
of  broudbund  random  vibration,  (C)  Peaks  of  narrowband  random  vibration  - 
Rayleigh  distribution,  (D)  Instuntancous  vuluos  of  a  sine  wave,  and  (1C)  1’euk 
valuos  of  a  sine  wave.  From  Shock  and  Vibration  Handbook ,  vol.  2,  Fig,  22.9, 
p,  22-9;  copyright  1961  by  McGraw-Hill  Book  Company,  Inc.  Used  by  permission, 
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l-'ig,  .1-13.  Normalized  probability  density  fui.-.-tlons  curve  (A)  marked 
x  1U  2  Indicates  hundredfold  expansion  of  ordinate  scale  (A)  Rayleigh 
distribution  for  poults  of  narrowband  Gaussian  vibration,  ttnd  (11)  Distri¬ 
bution  for  punks  of  sine  wuvu  doltu  funotlon  ut  tp/o  •-  Front  Shock 
and  Vibration  Handbook,  vol,  2,  Fig.  22,8,  p,  22-8;  cupyrlglil  19(4  by 
McGraw-Hill  Bool.  Company,  Inc.  Used  by  portnlsslon, 


value  In  either  the  positive  ur  negnt Ivc  sense,  Therefore,  It  Is  convenient  to  plot 
the  probability  distribution  function  In  terms  of  the  absolute  value  of  it.  l.c„ 
l\llu>),  us  shown  in  l;lg.  3-12. 

The  probability  distribution  functions  for  the  Gaussian  and  sinusoidal  func¬ 
tions  are  obtained  by  Integrating  liqs,  (3-  to)  und  (3-17). 


Gaussian;  !'  (l£l/o  «’) 


U'/2uJ  ) 


d  (S  Iv), 


(3- lb) 


Sinusoidal:  /’(  l£  l/o 


2 

it 


o  \f2 


(3-19) 


The  rclullons  of  these  equations  arc  plotted  ns  curves  (A)  and  (B)  In  l-'lg.  3-12. 

When  the  poak  vulucs  or  maxima  of  a  function  arc  considered,  tho  two 
statistical  functions  differ  from  those  found  for  the  instuniuueous  values,  l-'or  a 
sine  wave,  all  maxima  arc  of  equal  magnitude  and  the  probability  density  func¬ 
tion  />(*/<»)  becomes  a  Dirac  delta  function,  us  shown  by  curve  (U)  of  Fig.  3-1 3. 
l-'or  bruadbund  Gaussian  noise,  i.e.,  noise  with  nonzero  amplitude  ovei  a  fre¬ 
quency  band  which  is  not  small  compared  to  the  average  or  center  frequency  of 
the  band,  the  distribution  of  peak  values  is  also  norniul.  us  shown  by  curve  (U)  of 
Fig.  3-12.  However,  for  narrowband  Gaussian  noise,  l.e,,  noise  with  negligible 
amplitude  except  in  a  frequency  bandwidth  which  is  smull  compared  to  tho 
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a'HKi  fiopiency .  the-  disti iliut Ion  of  peak  values  lends  toward  ihc  Rayleigh 
disliihiiiino .  I  lie  pmhdidiix  density  and  distribution  funetions  for  the  Rayleigh 
distiibulion  or c  defined  below, 


I’lubahillty  Densiiy.  P  (  Uj;,  1  la) 


(3-20) 


Piohahllliy  Distribution.  I'(  1^,1/n)  i.  ,>  *r>^"  .  (?•-') 

The  relations  given  hy  these  equations  are  shown  graphically  by  curve  (A)  of  Fig, 
3-15  and  euive(,l’)of  rig.  3-1 1 ,  respectively.  These  figures  show  that  the  probabil¬ 
ity  density  and  probability  dlstiioutlon  curves  lot  sinusoidal  and  random  func¬ 
tions  diffei  considerably,  thus  pioviding  identifying  characteristics  for  each  type 
of  function.  When  the  tint*  history  !-(M  consists  of  sinusoidal  and  random  func¬ 
tions.  tin*  shape  of  the  probability  density  and  distribution  curves  depends  on 
the  lelallve  magnitude  ot  each  type  of  function. 

I'owet  spool i at  density*  is  defined  as  the  limiting  value  of  the  mean  square 
response  [f'l1  of  an  ideal  bandpass  flltci  1  to  £(/),  divided  by  the  bandwidth  11 
ol  the  liltei .  as  the  bandwidth  of  the  filter  appioaches  /.eto. 

An  alternative  definition  is  as  bdlows.  if  the  ftiticUim  fit )  is  passed  tluough 
an  ideal  lownass  fillet'  with  iulotl  ftequeuey  the  mean  squaie  t  espouse  of 
the  fillet  j£'| J  will  inuease  oi  decrease  as /(.  is  ineieased  oi  decreased,  i.e..  more 
oi  loss  ol  the  function  will  l>e  passed  hy  the  liltei  (assuming/,.  is  varied  in  a 
fiequeney  laiige  where  the  power  spectral  density  is  uon/etoh  The  power  spec 
toil  densiiy  h'ty'l  is  the  mte  of  change  of  |£.’|  •’  with  icspect  to  /,..  i.e.. 


"U  t  ~  jlf'l-'} 


.1  |4  ill  ii\(  i  >i(  f  \  a  pi  ol  ol  pi  *  wc  i  spcviial  lUmimu  as  a  l  unction  of  hoqncncs 
ohiainoil,  I  in  osiiiupli1.  Imm  spoclial  analysis  ol  a  uukiom  Junviiun.  Ihe  mean 


" hower  spcclial  densitx  d<*  lined  b>  i  i|  i  Il  is  .i  pcni'ik  lenn  used  leji.iulless  »>l  Ihe 

physical  quanlil)  lopiescnted  b>  ihc  lime  Inshuy  llnwesei.  il  is  pick1  ruble  lo  indh  ate  Ihc 
physual  quantity  imohed.  l-oi  example.  use  the  leini  mean  squutr  ic Irrution  Jen  sit  \ 
as  lion  ihe  turn*  Instuiy  ol  aui'lcmiiun  is  in  lv  doscnhcd 

1  An  ideal  bandpass  Ulici  Ii.is .»  tiansinisMon  cltaracleri' Ik  which  is  f.'ctunpiilai  in  shape  so 
lhal  all  fiequetux  components  ttiihin  ihe  til  (o  i  bandwidth  ue  passed  with  an  it  y  gain  aiui 
/cm  pli.ne  distuiliun.  while  licquencx  components  outside  the  bandwidth  aie  completely 
ic  moved.  It  ihe  (i .ipsunssloii  elnii.KleiisiU  is  II  instead  of  unity  in  ihe  bandwidth  H,  the 
srccli  il  dor. .its  is  obtained  b\  dkidini*.  ihe  mean  squmc  response  b\  li  x  //2  instead  of /J. 
'  \n  idea*  lov-pasN  til  tot  is  an  ide.it  bandpass  liltei  having  a  loxvei  culofl  frequency  ol*  /  ‘to. 
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square  value  or  variance  of  lire  frequency  content  of  !•(/)  between  the  frequen¬ 
cies  ,/i;  and  f),  is  equal  In  the  shaded  area  of  Fig.  3-14:  he.. 

Jfh 

m)df.  (3-23) 

>a 

Wlien  a  sample  of  time  history  of  finite  duration  Is  employed  to  compute  the 
power  spectral  density  of  u  random  function,  il  Is  assumed  that  (1)  tire  function 
is  ergo  die,  he.,  that  averaging  one  time  history  with  respect  to  time  yields  the 
same  results  as  averaging  over  an  ensemble  of  time  histories  at  a  given  Instant  of 
time,  and  (2)  that  the  function  Is  stationary,  he.,  that  the  power  spectral  density 
is  Independent  of  the  sample  of  the  time  history  chosen.  Further,  the  averaging 
time  or  sample  duration  ivuu  be  long  enough  to  yield  a  statistically  significant 
value.  Titus,  the  mean  square  value  obtained  should  not  vary  appreciably  with  a 
change  In  averaging  time,  lire  time  over  which  a  vibration  record  may  be  con¬ 
sidered  a  stationary  process  and  the  need  for  a  sufficiently  long  averaging  time 
often  are  conflicting  requirements. 

Response  of  Meclumicul  Systems  to  Random  Vibration 

The  following  material  Is  confined  to  steady  slate  responses  of  idealized  linear 
mechanical  systems.  Further,  only  random  functions  which  have  a  Gaussian  or 
normal  distribution  will  be  discussed.  Almost  all  analyses  to  date  have  been 
trade  on  this  assumption,  since  (I)  the  analysis  then  becomes  liaclublc, and  (2) 
most  physical  processes  including  laboratory  tests  follow  the  Gausslun  distribu¬ 
tion. 

Computation  of  the  response  of  this  idealized  system  can  be  briefly  described 
as  follows.  The  excitation  Ibices  (or  motions)  acting  on  the  system  are  assumed 


a:  </> 

uj  z 

* 

o  ° 


Q. 


r  '  J 

.1 _ L . .  za - L_ 

f.  »s  h 

FREQUENCY 


Fig.  3-14,  Typical  power  spectral  density  plot  of  broadband  random  function. 
Mean  square  value  of  frequency  content  of  function  between  /„  and//.  Is  equal 
to  shaded  urcu.  From  Shock  and  Vibration  Handbook,  vol,  2,  Fly,  22,16, 
p,  22-16:  copyright  1V6I  by  McGraw-Hill  book  Company,  Inc.  Used  by 
permission. 
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to  be  known  In  terms  of  a  power  spectral  density  /(to).  If  tho  response  of  the 
system  to  harmonic  excitation  as  a  function  of  excitation  frequency  Is  com¬ 
puted,  i.o„  frequency  response  function  H(u),  the  response  to  the  random  func¬ 
tion  Is  obtained  us  follows  [45 ] : 

giu)  .  (3-24) 

where  #(u)  is  the  response  spectral  density, 

The  mean  square  response  R*  In  uny  desired  frequency  band  is  equal  to  the 
Integral  of  the  response  spectral  density  between  the  frequency  limits  of  the 
band.I.e.,  the  area  under  the  response  spectral  density  curve; 


R*  ~  C  g  (w)a'co  =  f 

•71 


/(«)  I// (to)  I 


It  is  worthwhile  to  spend  some  time  examining  the  characteristics  of  the 
response.  Tills  Is  easily  curried  out  using  the  SDF  system  shown  In  Fig.  3-1 . 

lire  base  acceleration  of  this  system  S{t)  Is  defined  by  a  uniform  acceleration 
spectral  density  IV  in  units  of  g7  jll: .  Tire  absolute  value  of  frequency  response 
function  I //(to) I,  which  relates  the  relative  acceleration  response  ^(f)  to  the 
input  acceleration  S(t)<  Is  equal  to  the  amplification  factor  //  described  In  Eq. 
3-2.  Substitution  of  these  values  Into  Eq.  (3-24)  results  in 


*(w)  -  WH7 


[l  -  (co/to,,)3]2  +  (2f  to/w„)3 


where  jf(to)  is  t ho  response  acceleration  spectral  density  for  a  white  noise  base 
excitation  of  level  W.  This  function  is  illustrated  in  Fig.  3-15.  Note  that  the 
response  Is  concentrated  in  a  narrow  frequency  band  centered  about  the  natural 
frequency  coM.  The  moan  squure  response  of  P(r)cun  be  determined  from  Eq. 
(3-25 )  as  follows: 


C"  /*“  W, 

(w)dtO  =  I  r  ,-12 

l  4  [i-ow] 


a - ,  '  (3-26) 


+  (2fco/wrt)a 


By  assuming  f  «  1,  integration  can  be  performed  resulting  in 


m  vQf»W 

2 
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Ell!.  3-15.  Response  spuctrut  density  of  an 
SDF  system  excited  by  white  noise, 


where  Y  1  Is  the  mean  square  relative  a ocelo ration  In  units  of  g1  for  input 
spectral  density  in  units  oi'gs/Hz. 

Terms  for  the  mean  square  relative  velocity  and  displacement  can  also  lie 
determined  from  Eq.  (3-25)  by  substitution  of  the  frequency  response  function 
relating  the  relative  velocity  and  displacement  to  the  base  acceleration.  These 
functions  ure 

a,  Relutive  velocity 


//  M 


i  co 

wJ  -  co*  -  2i  f  w(|  u> 


Y J 


f  tV  l//(co)l5  c/w 
•a> 


)VC3(38h)2 

«7ry(| 


(3-28) 


where  Y1  Is  the  mean  square  relative  velocity  in  in.2 /sec*  for  a  spcctrul  density 
input  in  g* /ITz. 


_ J _ _ 

w:  -  u)2  -  2  /  s  co 


b.  Relative  displacement 
//( w)  = 
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-2  =  W  Q  (386)* 
4(2tt  f„F 


(3-29) 


where  K5  Is  the  mean  square  relative  displacement  in  square  inches  for  a  spcctrul 
density  input  In  gJ/Hz, 

Since  the  response  spectral  density  is  concentrated  in  the  region  of  the 
natural  frequency,  the  time  history  of  the  response  is  narrowbund  rundortt  vibra¬ 
tion  and  is  similar  to  a  sine  wave  at  that  frequency  whose  amplitude  fluctuates 
randomly  at  a  rate  roughly  equul  to  the  frequency  band  of  the  resonance.  The 
fluctuation  is  associated  with  the  phenomenon  of  beats,  where  the  addition  of 
two  harmonic  waves  of  approximately  equal  frequency  results  In  a  wave  with  a 
frequency  equal  to  the  mean  of  the  two  frequencies  and  an  amplitude  envelope 
that  fluctuates  at  a  frequency  equal  to  the  difference  of  the  two  frequencies. 
Tlie  narrowbund  random  time  history  Is  composed  of  a  large  number  of  waves  of 
nearly  equul  frequencies  with  randomly  distributed  phases  and  amplitudes  and 
thus  oscillutes  at  a  frequency  fn ,  with  a  random  amplitude  cnvelupe  that  fluctu¬ 
ates  at  a  frequency  approximately  equul  to  the  half-power  bandwidth  f„/Q.  This 
type  of  wuveform  Is  Illustrated  In  Fig.  3- 1 0. 

For  linear  systems  the  instantaneous  amplitudes  of  the  narrowbund  response 
have  u  Gaussian  distribution  while  the  distribution  of  peak  amplitudes  follows 
the  Ruylcigh  distribution  (see  Figs,  3-1 1  and  3-1  3). 

3.4  Equivalence  in  Vibration  Testing 

Instead  of  simulating  u  service  environment  with  a  test  method  that  resembles 
the  basic  characteristics  of  that  environment,  It  Is  sometimes  necessary  to  sub¬ 
stitute  a  method  which  is  different  in  character  but  equivalent  in  its  effect  on 
the  test  specimen,  lire  substitution  may  be  required  because  of  equipment,  cost, 
schedule,  or  technical  limitations.  For  example,  the  luck  of  equalization  equip¬ 
ment  may  require  the  use  of  a  sinusoidal  test  instead  of  a  random  test;  time 
limitations  may  require  that  u  test  durution  be  decreased  with  u  corresponding 
increase  in  excitutlon  level;  the  inability  to  detect  or  decide  upon  significant 
resonances  may  dlctute  the  use  of  a  sinusoidal  swoop  rather  than  u  sinusoidal 
dwell, 

When  u  test  Is  equivalent  to  unuthor  the  two  tests  should  produce  equul 
effects  on  the  test  specimen.  That  Is,  the  damage  caused  by  each  of  the  two 
methods  should  be  equul,  Tills  is  usually  not  possible  to  accomplish  If  more  than 
one  effect  is  to  be  simultaneously  simulated.  For  uxumple,  it  may  be  possible  to 
simulate  the  fatigue  damage  caused  by  a  random  environment  witli  a  sinusoidal 
sweep,  but  it  Is  unlikely  that  the  sumc  sinusoidal  test  cun  slmulutc  both  the 
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l'lg.  3*16.  Nurrowbund  rumlom  lime  history. 


fatigue  uml  the  effects  the  random  environment  hus'on  functional  performance 
of  the  test  Item.  Therefore,  equivalence  betwocn  two  test  metltods  Implies  the 
equivalence  of  the  single  most  damaging  effect  of  the  environment. 

The  following  sections  contain  discussions  of  the  equivalence  between  tho 
three  standard  test  methods  lor  fatigue,  resonant  response,  energy  dissipation, 
and  functional  performance.  In  addition,  u  discussion  Is  Included  of  the  relation¬ 
ship  between  lest  time  and  test  level  which  provides  an  equivalence  between  two 
tests  of  the  same  typo  Inti  at  different  levels  and  durations, 

Structural  Fatigue 

A  large  number  of  vibration  failures  are  considered  to  be  the  result  of  struc¬ 
tural  fatigue  dumuge.  It  Is  appropriate,  therefore,  that  equivalences  be  derived 
between  the  throe  standard  test  methods  sinusoidal  dwell  and  sweep,  and 
broadband  random  that  are  based  on  producing  equal  fatigue  damago  [46] . 

There  has  been  much  wiitten  on  fatigue  equivalence,  with  widely  varying 
results.  Considering  that  t he  prediction  of  fatigue  life  is,  even  for  well-defined 
structural  muterlals,  a  probabilistic  procedure,  the  different  results  urc  not  sur¬ 
prising  and  are  in  fact  expected.  The  exact  nature  of  futiguo  failures  is  not  fully 
understood,  and  to  a  luige  extent  fatigue  relationships  are  based  on  the  study  of 
experimental  results  where  there  Isa  significant  amount  of  scatter. 

Hie  futiguo  properties  of  a  material  arc-  determined  by  subjecting  specimens 
of  that  material  to  alternating  stress  until  I'ulluio.  Tests, are  repeated  until  enough 
da'a  are  provided  to  define  a  curve  of  stress  vs  cycles  to  failure,  typically  called 
the  endurance  or  o-A  curve,  it  shall  be  assumed  that  this  curve  cun  be  described 
by  tiie  following  equation: 

No1’  =  c  , 


(.1-30) 
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where  a  Is  the  stress  uinplitude,  N  is  the  number  of  cycles  to  failure,  und  b  and  c 
are  positive  material  constants.  The  wide  scuttor  in  fatigue  dutu  would  suggest 
that  b  and  c  arc  random  variables.  However,  in  the  following  sections  they  uro 
assumed  constant. 

For  constant  cyclic  luading,  such  as  sinusoidal  dwell,  Eq,  (3-30)  can  be  used 
directly  to  predict  fatigue  life,  However,  for  random  and  sinusoidal  sweep,  where 
the  loading  Is  variable,  a  cumulative  dumage  thoory  is  required  to  predict  fatigue 
life.  The  most  widely  used  theory  of  cumulative  damage  is  referred  to  as  Miner’s 
Rule  [4749  J  und  is  expressed  us 

b-Zf,  • 

wliore  «/  Is  the  number  of  cycles  ut  stress  c i/  and  >Vy  Is  the  number  of  cycles  to 
fulluro  at  stress  Oj  (from  Eq,  3-30),  D  is  the  measure  of  accumulated  damage  and 
according  to  Miner,  failure  is  predicted  for  D  >  1 ,  Experiments  have  shown  that 
the  value  D  has  a  rather  wide  scatter  depending  on  (ho  sequential  loading  his¬ 
tory,  Generally,  Investigators  found  that  if  the  stress  level  wus  changed  from  a 
high  to  a  lower  value  the  summation  of  cycle  ratios  was  less  than  unity.  Con¬ 
versely,  a  sum  greater  than  one  was  frequently  observed  when  the  stress  level  was 
increased  during u  test. 

Very  probably  some  of  the  apparent  inconsistency  in  the  vulue  of  D  uchievcd 
in  a  given  sot  of  tests  is  due  to  inuceuruclos  in  the  o-N  curves  used  to  perforin 
the  calculations.  Recent  reviews  by  Hardrath  [501,  Richards  and  Mead  [SI], 
and  Grover  [52] ,  reveal  thut  no  trend  is  evident  thut  any  estimation  procedure  is 
superior  to  the  Uneur  method. 

In  the  following  sections  where  the  equations  for  fatigue  dumage  due  to 
slnusoidul  sweep  and  rundom  vlbrutlon  are  developed,  it  is  assumed  that  the 
majority  of  dumage  is  the  result  of  resonunt  response.  As  in  earlier  sections  the 
cquutlons  of  motion  of  an  SDF  system  with  viscous  damping  are  used  in  the 
development  of  the  results. 

Fatigue  Damage  from  Resonance  Dwell.  The  resonance  dwell  test  Is  do  lined 
us  constant  sinusoidal  excitation  ut  a  specimen  resonant  frequency.  The  stress  o 
produced  at  resonance  Is  pruportionul  to  the  excitation  lovel  S0  and  the  ampli¬ 
fication  factor  Q\ 


a  =  JC,  , 

with  Ks  the  proportionality  constant.  The  number  of  cycles  to  failure  at  this 
stress  level  cun  be  determined  from  Eq.  (3-30)  by  substitution; 

A'  =  cu~h  -  c(KlQS0)~b. 
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Thus,  the  time  to  fullure  Tc  ut  the  resonant  frequency/,,  is 

Tc  =£(KsQS0rb.  (3-32) 

In 

Fatigue  Damage  due  to  Sinusoidal  Sweep,  In  a  sinusoidal  sweep  significantly 
high  stress  cycles  occur  in  frequency  bunds  centered  ubout  the  resonant  fre¬ 
quencies  of  the  test  specimen.  As  the  varying  exeitutlon  frequency  pusses 
through  a  resonance  the  stress  levels  Increase  and  then  decrease  with  the  maxi¬ 
mum  level  occurring  at  the  natural  frequency,  Each  cycle  of  varying  stress  must 
be  accounted  for  to  evuluate  the  total  fatigue  damage  resulting  from  sweep 
excitation  of  the  resonance.  The  stress  ut  any  frequency  can  be  found  from 

o  =  Ks  I  //(to)  ISo. 

where  l//(to)l  is  u  transfer  function  between  response  motion  and  Input  motion. 
Substituting  in  Eq.  (3-30)  results  in 

n  =  c(Kt\m  co)i,y0)‘\ 

This  relationship  is  then  used  In  Miner’s  Rule  (Eq.  3-31)  which  is  expressed  in 
Integral  form 


r(KsUl  (u)\S0)b 

D‘=  J - ? - 

where  Ds  is  the  damage  coefficient  for  siuusoldul  sweep, 

With  u  sweep  rate  slow  enough  to  produce  99  percent  steady  state  response, 
the  amplification  term  l//( co)l  is  approximated  in  the  bandwidth  of  Hie  re¬ 
sonance  by  the  steady  state  amplification  factor  //  for  u  busc-cxeitcd  SDH 
system  (Eq.  3-2), 


//(co)  = 


1 _ 

\/(l  -  r1)1  +  (2£r)5  ' 


where  r  Is  the  ratio  of  excitation  frequency  to.  natural  frequency  f/fli.  This 
excitation  frequency  Is  reluted  to  the  sweep  rate  I/I  and  time  of  sweep  by 

/  «  I/I/. 
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Since  the  majority  of  damage  occurs  from  stress  cycles  within  a  narrow  bandwidth 
centered  about  the  resonant  frequency,*  the  sweep  rute  can  be  considered  con¬ 
stant  and  the  above  relationship  Is  expressed  as 


df  -  hdt  , 

where  h  is  the  linear  sweep  rate  in  Hz/sec. 

The  jiuinber  of  cycles  in  an  infinitesimal  amount  of  sweep  lime  is 

tin  =  fdt. 

Thus, 


Substitution  of  these  relationships  into  the  equation  for  £»f  results  in 


f(j K,  1  //  (co)  1 6‘0 

Y  tin  Ks\H(o>)\S0)bl*rdr 

J 

J  ch 

{fl 

rdr 

c/i 

)  (d  -r1?  +(2  f  r)1 1  bn 

n 


(3-33) 


Tire  limits  of  integration  r,  and  r2  bracket  the  half-power  bandwidth  of  the 
resonance. 

The  values  of  the  integral  in  Eq.  (3-33)  determined  by  numerical  solution  are 
shown  in  Fig.  3-17,  A  simple  function  can  be  filled  to  these  curves  to  provide  an 
approximate  description  of  the  integral 


I 


n 


r\ 


r  dr 

((1  ~rJ)2  +(2f  r)7]^2 


---  Q(h  £">/Vr r 

2  v 


which,  by  substituting  In  Eq.  (3-33),  results  in 


*l)ainugc  actually  results  from  all  .stress  cycles,  but  the  error  la  assuming  that  all  of  the 
d»muge  occurs  within  the  hall-power  bandwidth  f  IQ  is  less  than  3  percent. 
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nr\{KsS„Q)l’b 

2  c  It  Q 


M\ftT 


which  is  valid  Cor  b<} 0  and  £<0. 1 . 


Since  the  time  to  sweep  the  half-power  bandwidth  ls/),/Q/i,t.he  above  equa¬ 
tion  cun  be  expressed  in  terms  of  time  to  failure  by 


2eb'l'-n'Dx 

nf„(Ks$0Q)h 


<3-34) 


U  H  10  12  14  10  IB  20 

MU  ASUHE  OF  SLOPE  OF  t" ■  N  CURVE  II)' 


l  iU.  3-17.  Values  til  llu- inli-gral  hr  1 1).  (3-33)  vs  b  fur  various  vu  ucs  of 
iimplilt  rit )<>n  ratlm. 
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liquations  (5-34)  anti  (3-85)  urt:  combined  to  show  the  sweep  duration  necessary 
for  equivalent  fatigue  between  a  sinusoidal  sweep  and  a  resonance  dwell; 

2  Dsb^^  ' 

Ts  =  - —  T,.  (3-35) 

7T 

The  equivalence  will  vary  according  to  the  constant  Ds>  the  damage  coeffi¬ 
cient  lor  variable  loading,  and  b,  the  measure  of  the  slope  u(  tile  o-N  curve, 

Endurance  tests  with  numerous  different  types  of  stress  distribution,  both 
ordered  and  random,  show  that  the  value  Ds  runges  between  1/5  and  2/3,  with  a 
majority  of  the  data  near  Ds  =  1/2  [53,  54] . 

A  review  of  the  literature  of  fatigue  and  endurance  data  reveals  that  b  Is 
between  3  und  25,  Lunney  and  C’rcdc  |SS|  and  Gertel  [5(r|  Indicate  iltal  a  value 
of  9  Is  representative  of  the  majority  of  the  materials. 

Substitution  of  these  limiting  and  average  values  lor  the  constants  results  In 

0.24  <  V;.//;,  <,  2.85 
and, on  the  average,  TJTC  ~  1. 1, 

Fatigue  Dumuge  due  to  Rundom  Luudlng,  The  fatigue  damage  of  a  specimen 
subjected  to  random  loading  has  been  examined  by  Miles  [57j.  Ills  analysis, 
which  utilizes  Miner’s  cumulative  damage  hypothesis,  results  In  an  equivalent 
stress  which  together  with  the  conventional  endurance  curve  can  lie  used  to 
predict  the  fatigue  life  of  a  specimen. 

As  In  the  case  of  sinusoidal  sweep  excitation,  it  is  necossaty  to  assume  that 
the  fatigue  damage  is  the  result  of  resonant  response,  lire  stress  waveform, 
therefore,  will  have  the  characteristics  of  narrowband  random  response  ns 
described  In  Section  3.3  (p.  79)  and  illustrated  itt  fig.  3-lo.  The  probability 
density  c»f  the  peaks  of  the  stress  conforms  to  a  Kuylelgh  distribution  and  from 
liq,  (3-20)  cun  he  described  by 


P 


(8'3t>) 


where 


Up  -  values  of  the  peak  stress, 
uJ  ■-  mean  square  stress. 

f  rom  Miner’s  Rule  (l.q.  3-51 )  the  damage  limn  the  accumulation  of  sties:, 
cycles  at  random  amplitudes  o/(  is 
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Where  constants  b  und  c  arc  those  of  Eq,  (3-30). 

It  Is  convenient  to  introduce  an  equivalent  stress  Se  and  define  it  as  a  con¬ 
stant  amplitude  stress  which  will  produce  equal  damage  as  the  variable  stress  ap 
after  the  same  number  of  total  cycles,  Thus, 


4  "t 

c 


The  variability  of  the  damage  coefficients  Dc  for  constant  loading  and  Dr  for 
random  loudlng,  for  which  failure  is  predicted,  arc  discussed  on  page  85,  Noting 
that  for  constant  cyclic  loading  the  coefficient  Is  unity,  we  combine  the  above 
relationships  to  give 


b 

E‘’<’  ni  f,i 

C  ~  Dr  2mJ  ~ 


With  the  assumption  tliut  tire  stress  wave  is  oscillating  with  completely  reversed 
loading  at  tire  natural  frequency  the  probable  number  of  cycles  of  loudlng 
having  an  amplitude  itr  the  ruugo  (o,  u  +  da)  Is  obtained  by  multiplying  tire 
total  number  of  cycles  by  tire  Ruylctgh  distribution  density  (Eq,  3-36),  The 
above  equation  therefore  reduces  to 


/  i  \1/,J 

b  /(“  ' 

(i) 

)  o  p  flu) do  j  1  /Ho)  da 
/e  /  J<> 

Urc  evuluutlon  of  this  Integral  was  performed  by  Milos  with  lire  lullowing  result. 
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/  l  \l/h 

Sc 


(4f  ^ 


where  Ju*  is  the  root  mean  square  stress  of  the  narrowband  response. 

For  a  buse-exciled  system  subjected  to  broadband  random  acceleration,  the 
rms  stress  is,  from  Eq,  (3-27), 

•Jo*  =  Ks  yj-  fn  Q  w  't 

jnd  substituting  into  Eq,  (3*37)  results  in 

Tltis  relationship  can  then  be  used  in  Eq.  (3-30)  and  rearranged  to  provide  an 
expression  for  the  time  to  failure  under  random  loading; 


Jn  Khs  (nft)l/2  ( 


njnQWb\M 


Random/Sinuuildal  Dwell  Fatigue  hqul  valence.  Equation  (3-38)  equated  to 
the  time  to  roil  tire  for  a  sinusoidal  dwell  (Eq.  3-32)  results  in  an  equivalence  in 
spectral  density  level  W  and  sinusoidal  excitation  level  A’, ,,  bused  on  cquul  fatigue 
damage; 


Idle  constants  D,  and  b  have  (lie  values 


I  /5  <  l)r<  2/3,  and,  on  the  uverage,  l)r  -  1/2 


3  <  b  <  25,  and,  on  the  average,  b  -•  l>. 


Substitution  of  these  limiting  and  aveiage  values  lor  the  constants  results  in 
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•%,  =  K 


2.2.1  <  A' <4.16. 

and,  on  (lie  average,  A'  =  2.n. 

Random  /Sinusoidal  Sweep  Fatigue  Equivalence,  fcquutlon*  (3-38 )  uiul  (3-34) 
are  equaled  to  determine  an  equivalence  in  spectral  density  and  sinusoidal  sweep 
acceleration  Su>  with  lire  condition  thut  the  time  to  sweep  the  half-power  band¬ 
width  Is  equal  to  the  random  test  duration; 


s„  -  *(— j  • 

where  1. ho  <  A' <4, 4,  and, m\  the  avei age.  A!  «  2.w». 

Accelerated  Testing.  An  equivalence  which  Is  Important  In  vibration  testing  Is 
the  relationship  between  vibration  and  time.  Fur  example,  electronics  In  aircraft 
typically  have  a  flve-yeui  lile  requirement  which  could  consist  of  thousands  of 
hours  of  lllght  vibration  of  variable  intensity.  It  Is  not  piuetlcal  to  Lest  equip¬ 
ment  for  these  durations,  To  compress  the  many  hours  of  Hold  environment  into 
an  equivalent  test  requites  a  relationship  between  lime  and  vibration  level 

If  it  is  assumed  that  stress  Is  proportional  to  excitation  level,  It  is  possible  to 
apply  Miner’s  hypothesis  I’m  cumulative  lattgue  damage  and  theieby  lelule 
numbei  of  cycles  oi  time  at  one  excitation  to  an  equivalent  excitation  level  for  a 
fewci  number  of  cycles.  All  that  Is  required  for  this  equivalence  relationship  is 
the  slope  of  the  u-N  curve. 

Ilowevci,  expei'irtenial  evidence  reveals  that  the  assumption  of  u  linear  rela¬ 
tionship  between  stiess  and  excitation  Is  an  Invalid  assumption.  Stress  level 
seems  to  increase  at  a  decreasing  late  with  increasing  excitation  level,  This 
phenomenon  can  ho  icluled  to  the  damping  piopeiilus  of  muteriuls  and  struo- 
tines  which  tend  to  increase  with  stress  or  acceleration  level. 

lire  amplification  factoi  of  a  specimen,  whe>o  the  damping  mechanism  is 
defined  as  material  damping,  can  be  determined  from  liq.  (3-7); 


(J  ■  K  (response  level)*' 'H , 
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where  K  is  a  constant  for  a  given  materia),  specimen  geometry,  and  stress  distri¬ 
bution.  The  constant  n  relates  the  specific  damping  energy  D  of  a  material  to  the 
stress  level  in  the  material  (see  Section  3.2,  Effect  of  Sweep  Methods).  The  value 
of  n  is  dependent  on  the  stress  level  in  the  part.  For  stress  levels  below  80 
percent  of  the  endurance  limit  of  the  ntatcrial,  n  Is  2.4;  for  stress  levels  greater 
than  80  percent  of  the  endurance  limit,  n  is  8.  For  viscoelastic  damping  n  is  2 
and  Q  is  independent  of  excitation  level. 

It  should  be  noted  that  the  following  equations  ate  developed  on  the  hnsis 
that  the  slope  of  the  a-N  curve  is  constant  from  zero  cycles  to  an  infinite 
number  of  cycles.  However,  because  of  yielding  and  because  of  the  existence  of 
an  endurance  strength,  the  a-N  curve  for  most  materials  is  horizontal  in  the  low 
cycle  region  (N  <  104)  and  in  the  high  cycle  region  (/V  >  5  X  108).  The 
simplification  of  a  constant  slope  permits  a  description  of  the  exaggeration 
factor  by  a  single  equation  but  makes  small  inputs  appear  more  damaging  than 
they  arc.  The  use  of  exaggeration  factors  for  items  exposed  to  environments 
which  create  stresses  below  the  endurance  limit  will  therefore  result  in  conserva¬ 
tive  tests.  In  addition,  the  reader  should  also  be  cautioned  that  there  is  a  prac¬ 
tical  limitation  to  the  amount  of  exaggeration,  i.e„  the  increase  In  test  level, 
which  can  be  used.  For  example,  it  makes  little  sense  to  attempt  to  compress  a 
test  In  time  such  that  the  inetcase  In  level  will  exceed  the  yield  or  ultimate 
strength  of  the  material.  A  safe  approuch  would  be  to  limit  the  exaggeration  of 
tcsl  level  to  not  exceed  the  ratio  of  ultimate  strength  to  endurance  strength  of 
the  material  in  question  ( a  value  of  2  for  many  structural  materials). 

Exaggeration  Factor  for  Sinusoidal  Tests.  Jn  sinusoidal  tests  the  stress  level  at 
a  resonant  frequency  of  a  specimen  can  be  defined  by 

o  =  Ks  QS, 

where  Ks  is  a  proportionality  constant  and  S  is  the  excitation  level.  Combining 
with  Eq.  (3-30)  results  in 


ms  Qs)b  =  c, 


and  from  Eq.  (3-7), 


Q  =  KiQS)2-'1 . 


Thus, 


=  constant , 


which  is  the  equation  for  the  curve  of  excitation  level  vs  cycles  to  failure. 
Substitution  of  T,  time  to  failure,  which  Is  proportional  to  the  number  of  cycles 
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divided  by  the  natural  frequency,  results  in  the  following  relationship  between 
excitation  level  and  time  to  failure  for  two  equivalent  sinusoidal  tests; 


(3-41) 


where  the  subscripts  1  and  2  denote  test  condition  number.  The  value  b  ranges 
between  3  and  25  with  a  representative  value  of  9  for  many  structural  materials. 
The  value  of  n,  as  just  discussed,  ranges  from  2  to  8  depending  on  material  and 
stress  level.  The  exaggeration  factor  can,  therefore,  have  a  widely  different  value 
depending  on  material  and  stress  region. 

A  popular  exaggeration  factor  [56]  for  use  in  testing  complex  electronic 
equipment  is  based  on  a  stress-damping  exponent  of  n  =  2.4  and  an  endurance 
curve  constant  of  b  =  9,  which  results  in 


n 

Tx 


This  function,  which  is  shown  in  Fig.  3-18,  appears  to  result  in  either  conserva¬ 
tive  or  nonconservativc  test  conditions  depending  on  the  stress  ranges  for  the 
equipment  in  its  service  environments.  The  use  of  the  value  n  -  2.4  is  for 
stresses  below  the  endurance  limit  and  the  use  of  the  value  b  ~  9  is  for  stresses 
between  the  endurance  limit  and  the  yield  strength.  They  arc  thus  contradicting 


TtST  DURATION  FACTOR,  Tj/T, 

Fig.  3-18.  Test  exaggeration  curve  based  on  Eq.  (3-41)  for  sinusoidal 
vibration  with  o  =  2.4  and  b  =  9  (from  Ref.  56).  From  Shock  and  Vibra¬ 
tion  Handbook ,  vol.  2,  Fig,  24.26,  p.  24-24;  copyright  1961  by  McGraw- 
Hill  Book  Company,  Inc.  Used  by  permission. 
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and  the  use  of  this  factor  will  be  conservative  for  S,  below  the  endurance  limit 
and  nonconservativc  for  Sj  between  the  endurance  and  yield  strengths. 

Exaggeration  Factor  for  Random  Test.  The  stress  level  at  a  resonant  fre¬ 
quency  of  a  specimen  is  defined  as 


o  -  Ks{Jn  Q  HO’  n  , 

where  W  Is  the  excitation  spectral  density.  Combining  with  Eqs.  (3-7)  and  (3-30) 
results  in 


Q  =  K(f„  C  KO(2'">/2  . 


and 


N\ -  constant, 

which  is  the  equation  for  the  curve  of  excitation  level  vs  cycles  to  failure. 
Therefore,  the  exaggeration  factor  for  random  testing  is 


Note  that  the  exponent  here  is  different  than  for  sinusoidal  testing  and  there¬ 
fore,  for  the  same  specimen,  different  exaggeration  factors  are  required  for 
random  and  sinusoidal  testing  except  when  n  =  2,  i.e.,  for  viscoelastic  damping. 

Resonant  Response 

The  simplest  equivalences  between  sinusoidal  and  random  vibration  urc  based 
on  equating  the  resonant  response  amplitude  of  an  SDF  system.  For  sinusoidal 
excitation  the  relative  acceleration  response  at  the  natural  frequency  of  the  SDF 
system  shown  in  Fig.  3-1  Is 


r  = 

where  V  and  S0  are  the  peak  response  and  excitation  levels,  respectively,  and  Q  is 
the  peak  amplification  factor.  From  Eq.  (3-27)  the  mean  square  acceleration 
response  for  broadband  random  vibration  is 

pi  _  n  Q  fn  ^ 


2 
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where  W  Is  the  broadband  acceleration  spectral  density.  The  waveform  of  the 
response  is  narrowband  random  with  a  Gaussian  distribution  of  instantaneous 
amplitudes  and  a  Rayleigh  distribution  of  peak  amplitudes. 

Noting  that  the  mean  square  value  of  a  sinusoid  is  one-half  of  the  squared 
peak  value,  the  above  relationships  arc  combined  to  form  an  equivalence  be¬ 
tween  a  broadband  random  level  and  a  peak  sinusoldul  level  that  will  produce 
equal  mean  square  responses: 


W  = 


(3-43) 


Another  common  equivalence  is  formed  by  equating  peak  response  ampli¬ 
tudes.  Theoretically,  from  the  equation  for  the  Rayleigh  distribution,  the  peaks 
of  the  rundom  response  can  have  Infinite  values.  It  is  common  practice  in 
laboratory  tests,  however,  to  limit  the  peaks  of  the  Gaussiun  distributed  excita¬ 
tion  signal  to  three  times  the  root  mean  square  value  (this  Includes  98.9  percent 
of  all  the  peaks  in  a  Rayleigh  distribution).  By  using  this  limiting  value  the  peak 
responses  from  sinusoidal  and  broadband  random  cun  be  equated  to  provide  the 
equivalence  relationship 


W  = 


2QSj 
9  nfn 


(3-44) 


Energy  Dissipation 

Equivalence  relationships,  similar  to  the  fatigue  relationships  developed  In  a 
previous  section,  can  be  determined  by  equating  the  work  done  or  energy  dis¬ 
sipated  by  an  object  undergoing  vibration. 

In  the  following  discussion  the  equation  of  motion  of  the  system  shown  in 
Fig.  3-1  is  used  in  the  development  of  the  equations  for  the  energy  dissipation  of 
an  SDF  system  with  viscous  damping  constant  c.  Since  energy  dissipated  is  equal 
to  the  product  of  force  cY  times  distance  YJl ,  the  energy  dissipated  in  one  cycle 
is 

tt/w 

cycle 

For  steady  state  harmonic  motion, 

K  =  K  sin  (u>/ 


J 


-  a),  for  K 


constant , 


and  therefore, 
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E 

cycle 


c K1  stns  (c Jt  -  ct)dt , 


(3-45) 


E  _  cK s  it 
cycle  w 

Energy  Dissipated  During  a  Sinusoidal  Dwell.  For  a  single  frequency  dwell  at 
the  resonant  frequency  of  the  SDF  system,  the  constant  K  in  Eq.  (345)  is 


K  =  QS0 


Substituting  for  K  in  Eq.  (3-45)  yields  the  energy  per  cycle  us 


E  __  cQ'S q  n 
cycle  or3 


The  enorgy  dissipated  Ec  in  a  test  time  Tc  is 


Ec  = 


Tc 

2  < 


(346) 


Energy  Dissipated  During  a  Sinusoidal  Sweep.  During  a  sinusoidal  sweep  the 
work  per  cycle  will  vary  as  the  response  amplitude  changes  with  excitation 
frequency.  If  tho  sweep  is  slow  enough  the  velocity  response  vs  frequency  can  be 
approximated  by  the  steady  state  response  function,  i.e.. 


Y  =  K  l//(w)li;  , 

where  (from  Eq.  (3-28)), 


//(to)  -  — 
w 


i  ui _ 

“  2  /  f  to 


The  energy  dissipated  in  the  sweep  can  be  determined  by  summing  the  incre¬ 
ments  of  energy  in  infinitesimal  frequency  bands 


Et 


cK2  Ttdn 
w 


$1  Tt\H{u))\i  dn 
w 
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and 


dn 


u  d  u 
4«2  I/I  ‘ 


where l/l  Is  the  Instantaneous  sweep  rate.  Thus, 

„  cS2  fH(u>fda 

E‘  '  77  j  ~i7i - 

In  the  rejflon  of  the  resonance  |/l  can  be  considered  constant  and  Integration  is 
performed  as  in  Eq.  (3-28); 


Es  = 


c%Q 


or 


Tt 

4  w3 


(3-47) 


where  71,  is  the  time  to  sweep  the  half-power  bandwidth. 

Equating  Eqs.  (3-46)  and  (3-47)  results  in  an  equivalence  between  the  time 
for  sinusoidal  dwell  and  tire  time  to  sweep  the  half-power  bandwidths: 


T,  = 


(3-48) 


Energy  Dissipation  During  Random  Vibration.  The  power  of  the  damping  is 
equal  to  the  time  rate  of  the  energy  dissipation.  Thus, 


P  = 


T 


c  Y2  dt 


where  Y2  is  the  mean  square  value  of  the  relative  velocity.  The  energy  dissipated 
by  the  SDF  system  is 


t'r  =  cY2  Tr, 


i 
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where  Tr  is  the  test  time.  Combining  with  Eq.  (3-28)  results  in 


-  WQ  T, 


Equating  Eqs.  (346)  and  (349)  results  in 


an  equivalence  relationship  between  sinusoidal  dwell  test  level  and  acceleration 
spectral  density  test  level. 


Functional  Performance 

The  definition  of  functional  failure  is  that  the  performance  of  the  equipment, 
whether  it  be  electrical  or  mechanical,  is  degraded  under  the  influence  of  vibra¬ 
tion.  The  definition  of  failure  is  usually  based  on  the  degree  of  degradation. 
Included  In  the  definition  is  the  stipulation  that  there  Is  no  damage;  that  is,  after 
the  vibration  ceases,  the  equipment  performance  returns  to  normal  and  there  are 
no  structural  failures  or  permanent  deflections.  Simulation  theory  pertaining  to 
malfunction  is  complicated  by  the  numerous  types  of  failures  and  phenomena 
which  cause  them. 

Among  the  more  common  types  of  functional  failures  in  electronic  equip¬ 
ment  are  relay  chatter,  gyroscopic  drift,  microphonics  in  tubes  and  crystals, 
short  circuiting,  blurring  of  optics,  etc.  The  phenomena  associated  with  those 
various  failures  are  as  numerous  as  the  failures  themselves  and  include  absolute 
acceleration,  relative  motion  effects,  absolute  deflection,  etc,  An  investigation 
(S3]  of  the  comparison  of  functional  failures  of  typical  aircraft  electronic  equip¬ 
ment  subjected  to  random  and  sinusoidal  vibration  attempted  to  determine  a 
correlation  on  the  basis  of  experimental  evidence.  The  conclusions  of  that  study 
were  that  (1)  for  some  equipment,  no  correlation  will  exist,  (2)  where  complex 
systems  arc  involved,  the  correlation,  if  it  exists,  will  be  so  complicated  that  it 
will  have  to  be  determined  by  testing  under  both  types  of  excitation,  at  which 
point  the  correlation  is  no  longer  needed,  und  (3)  for  systems  where  the  func¬ 
tional  failure  is  relatively  simple  in  nature,  c.g.,  reluy  chatter,  a  correlation  may 
be  determined  by  analytical  means. 

Summary  of  Vibration  Equivalences 

The  equivalence  relationships  developed  in  the  preceding  sections  are  sum¬ 
marized  in  Tables  3-1  and  3-2.  Table  3-1  lists  the  required  test  conditions  (i.e., 
level  and  duration)  for  equivalence  between  the  three  standard  test  methods: 
sinusoidal  sweep,  sinusoidal  dwell,  and  broadband  random.  These  equivalences 


Table  3-1.  Equivalence  Relationships  Between  Sinusoidal  Sweep,  Sinusoidal  Dwell,  and  Broadband  Random 
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are  based  on  equating  futigue  damage,  resonant  response,  and  energy  dissipation 
in  linear  mechanical  systems.  Exaggeration  factors,  based  on  fatigue  damage,  are 
listed  in  Table  3-2.  Exaggeration  factors  provide  a  relationship  between  one  set 
of  test  conditions,  level  and  duration,  und  another  set  of  test  conditions  for  the 
same  test  method.  That  is,  the  factors  relate  a  test  of  low  level  and  long  time  to  a 
test  of  high  level  and  short  time.  The  terms  used  in  these  tables  are  defined 
below. 

S0  =  peak  sinusoidal  excitation  level 

W  -  acceleration  spectral  density 

Tc  =>  duration  of  sinusoidal  dwell  test 

Ts  =  time  to  sweep  half-power  bandwidth  of  a  resonance 

Tr  =  duration  of  random  test 

K  =  constant 


Q  -  peak  amplification  factor 

/„  =  resonant  frequency 

b  ~  measure  of  slope  of  o-,V  curve  (see  Eq,  (3-30)) 

it  -  damping-stress  exponent  (sec  Eq.  (3-7)) 

T\  ,Sj  =  duration  and  level  of  sinusoidal  tost  1 

Ti  ,.*>}  =  duration  und  level  of  sinusoidal  test  2 

T{ ,  IV i  -  durution  and  level  of  random  test  1 

T\ ,  Wi  =  duration  and  level  of  random  test  2. 


Tabic  3-2,  Exaggeration  Factors  for  Sinusoidal  und  Random  Tests 


Tost  Method 

Tost  1 

Tost  2 

Sinusoidal  Dwoll  or  Sweop 

T\  ,  Sy 

/  T  \  n/£- 

*  -  s'(£) 

Random 

Tx,W, 

-  w\i7) 

Note  1.  For  viscoelastic  damping  n  -  2.  For  low  to  intermediate  stresses  In  elustlc- 
plasttc  materials  n  =  2.4,  and  for  high  stresses  n  =  8. 


Note  2.  The  value  of  b  Is  in  the  range  3  to  25.  However,  a  value  of  9  is  representative  of 
many  structural  materials. 


The  relationships  shown  in  Tables  3-1  and  3-2  should  indieute  that  any  uni¬ 
versal  equivalence  between  sinusoidal  dwell  und  sinusoidal  sweep  and  between 
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sinusoidal  and  random  is  nonexistent.  The  relationships  are  significantly  dif¬ 
ferent  for  different  types  of  failure  mechanisms.  In  addition,  equivalences  based 
on  producing  identical  failures,  such  as  fatigue,  have  widely  differing  values 
according  to  such  factors  as  damping,  stiess  level,  and  materia]  properties. 

3,5  Nonstandard  Test  Methods 

The  emphasis  in  the  previous  sections  of  tills  chapter  have  been  on  the  char¬ 
acteristics  of  the  three  standard  test  methods  and  the  relationships  between 
them.  The  methods  have  been  defined  according  to  waveform  and  therefore  the 
discussions  have  concentrated  on  the  effects  of  the  waveform  on  equipment. 
This  section  discusses  two  additional  test  methods  which  have  waveforms  dif¬ 
ferent  from  the  standard  tests. 

Combined  Broadband  and  Narrowband  Tests 

As  discussed  in  Section  3.3  the  vibrations  common  in  nature  have  a  random 
amplitude  with  time.  The  standurd  test  method  for  simulating  these  random 
vibrations  is  the  broadband  test  where  the  excitation  curve  is  defined  by  smooth¬ 
ly  enveloping  the  peak  values  of  the  predicted  or  measured  acceleration  spectral 
density.  A  typical  example  of  a  test  spectrum  derived  In  this  manner  is  illus¬ 
trated  in  Fig.  3-19.  In  actual  service  the  excitation  spectrum  will  be  broadband 
with  several  narrowband  spikes  superimposed.  It  is  generally  assumed  that  the 
center  frequencies  of  the  spikes  can  be  such  that  a  spike  will  occur  at  any 
frequency.  'Hits  is  the  justification  for  enveloping  the  complex  spectra  with  a 
smooth  curve.  The  disadvantages  to  the  wideband  teat  are  (1)  the  test  specimen 
is  subjected  to  a  spectrum  much  more  severe  than  uny  actual  environment,  and 
(2)  the  test  requires  much  lurger  vibration  shakers  und  power  amplifiers  than 
might  otherwise  be  necessary.  Two  methods  which  offer  improvements  over  the 
wideband  test  are  the  sine  plus  random  and  the  sweep  narrowband  random. 


l-’lg.  3-19,  Composite  of  typical  moasured 
flight  vibration  with  enveloping  curve. 


SIMULA  TION  CIIAKACTKIUSTICS  Ol  Tl;.  ST  METHODS 


l)9 


Tlie  control  methods  and  procedures  necessary  for  the  mixed  sine  and 
random  test  are  similar  to  those  required  for  the  sweep  narrowband  random  test. 
Therefore,  unless  the  environment  is  characterized  by  sinusoids  mixed  with  ran¬ 
dom  there  is  no  distinct  advantage  to  the  sine-random  test.  The  sweep-random 
test  retains  the  statistical  character  of  the  waveforms  of  most  vibrations  found  in 
nature.  Another  advantageous  property  of  the  narrowband  random  test  Is  that  a 
given  test  level  can  bo  obtained  using  smaller  shakers  und  power  amplifiers  than 
those  required  for  a  broadband  test  at  the  same  level. 

There  are  two  approaches  to  narrowband  testing.  In  one  [59,  60],  the  test  Is 
based  on  equating  the  damage  Incurred  by  the  wideband  test  to  that  of  the 
narrowband  test.  This  method  uses  one  or  more  narrowband  spikes  and  logarith¬ 
mically  sweeps  through  tiie  frequency  range.  The  rms  magnitude  of  the  narrow¬ 
band  spike  is  proportional  to  the  square  root  of  the  eenter  frequency  of  the 
spike.  Tlie  equivalence  relationship  between  this  test  and  a  broadband  tost  is 
based  on  equuting  cumulative  fatigue  damage. 

Tiie  other  method  [61 1  does  not  attempt  to  equate  the  narrowband  test  to 
the  wideband  test.  Instcud  the  Justification  for  the  test  is  based  on  the  fact  that 
the  narrowband  excitation  is  a  better  simulation  of  the  actual  environment.  The 
method  was  developed  from  the  results  of  a  statistical  evaluation  of  aircraft 
vibration  which  revealed  that  a  single  vibration  spectrum  could  be  described  by 
three  nurrowband  spikes  superimposed  on  a  relatively  constant  broadband  level 
as  shown  in  Fig.  3-20.  The  peak  levels  of  the  spikes  represent  tire  extreme 
expected  level  and  are  tire  values  which  would  be  enveloped  in  a  more  conven¬ 
tional  approach.  This  spectrum  is  therefore  a  method  of  describing  the  environ¬ 
ment  in  a  more  realistic  manner  than  the  conventional  broadband  description. 
Because  tlie  eenter  frequencies  of  the  narrowband  spikes  cannot  be  predicted  it 
is  necessary  to  assume  that  they  could  be  any  value.  The  test,  therefore,  which 
approximates  this  description  of  the  environment  requires  that  the  center  fre¬ 
quencies  of  the  spikes  be  varied  across  the  respective  frequency  ranges  of  each 
spike.  This  will  verify  tlie  design  for  any  values  of  the  center  frequencies  which 
may  be  encountered  in  the  service  cnvironnteni . 

Simulation  of  Gunfiring  Vibration 

Of  special  interest,  recently,  is  the  vibration  in  aircraft  resulting  from  the 
firing  of  high  speed  guns  which  fire  at  a  rate  of  20  to  100  rounds  per  second. 
The  reaction  forces  from  those  guns  are  minimized  by  special  isolation  systems 
and  generally  transmit  very  little  force  to  the  aircraft  structure.  However,  the 
blast  pressure  from  the  projectile  charge  cannot  be  eliminated.  It  is  distributed 
around  the  exterior  fuselage  of  the  aircraft  to  varying  degrees  with  the  most 
extreme  pressure  levels  in  the  vicinity  of  the  gun  muzzle. 

A  single  pressure  time  history  can  be  idealized  as  shown  in  Fig.  3-21  [62). 
Expansion  of  this  pressure  time  history  in  a  Fourier  sine  scries  will  reveal  the 
frequency  content,  and  will  result  in  the  eoeffieients  shown  in  Fig.  3-22.  The 
fundamental  ficqueney  of  the  harmonics  is  equal  to  the  basic  firing  rate  of  the 
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log.  3-20.  Hiouubund  narrowband  description  of  aircraft  infill  vibration . 


gun.  Note  that  the  amplitude  of  the  luu monies  remains  high  and  fairly  constant 
over  a  significant  frequency  range. 

For  firing  rales  of  100  Hz  a  forcing  function  would  have  significant  levels 
covering  a  frequency  range  from  100  Hz  to  well  over  2000  Hz.  Tire  structural 
vibiation  resulting  from  this  forcing  function  will  have  the  same  character  as  the 
forcing  funelion.  The  waveforms  are  described  by  line  ■•rccira  at  the  harmonic 
frequencies  witlt  amplitudes  and  phase  angles  dependent  on  the  dynamic  transfer 
characteristics  of  the  structure. 

During  any  one  burst,  i.c.,  a  series  of  rounds,  the  pressure  and  firing  rate  will 
vary  because  of  differences  in  ammunition  charge,  variations  in  hydraulic  pres¬ 
sure  which  regulates  speed,  mechanical  tolerances,  etc.  In  addition  to  th<'  varia¬ 
tion  of  firing  rate  within  a  burst  of  data,  there  is  a  greater  variat’on  of  rate  from 
one  burst  to  another.  A  ±5-pcreent  variation  from  tire  fundamental  rate  is 
typical. 

Complex  periodic  waveform  vibration  also  exists  in  tracked  vehicles  such  as 
tanks  and  armored  personnel  carriers  or  in  equipment  with  rotating  or  impacting 
machinery.  It  is  likely  that  the  fundamental  periodic  late  is  also  variable  for 
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Hg.  3-21.  Idealised  blast  pressure  time  history,  normulizctl  to  period 
of  firing  rate  frequency  f,. 


'.Iiesc  situations  and  tliat  the  techniques  for  simulation  of  gunfire  vibration  as 
discussed  here  are  generally  applicable. 

Use  of  sinusoidal  excitation  to  simulate  gunfire  vibration  has  some  appeal 
since  a  periodic,  or  at  least,  almost  periodic  waveform  is  to  be  simulated  and 
thus  each  harmonic  of  the  waveform  can  be  simulated  in  turn.  The  weakness  of 
this  approach  is  that  the  relationship  between  the  effects  of  applying  each 
harmonic  individually  and  all  harmonics  simultaneously  is  difficult,  if  not  impos¬ 
sible.  to  assess,  particularly  with  respect  to  functional  performance  cr  the  equip¬ 
ment.  Tire  rather  obvious  possibility  of  using  the  sum  of  tire  outputs  of  a 
numbci  of  oscillators,  one  for  each  harmonic,  can  be  quickly  discarded  wlten  the 
problems  of  amplitude  and  frequency  control  are  considered.  Use  of  broadband 
random  excitation  immediately  permits  simultaneous  excitation  of  all  harmonics 
of  the  environment.  However,  it  is  clear  that  a  broadband  level  which  in  some 
undefined  way  is  equivalent  to  the  level  of  the  harmonics  must  be  very  conserva 
tivc  in  the  frequency  bands  between  the  harmonics. 

A  unique  method  has  been  developed  primarily  for  use  as  r  simulation  of  the 
gunfiring  environment  [17] .  This  method  utilizes  a  pulse  train  excitation  source 
to  be  used  in  place  of  the  oscillator  or  random  noise  generator  in  the  test 
■•■insole.  Several  simulation  requirements  are  immediately  fulfilled.  First,  all 
harmonics  are  generated  at  once.  Second,  the  deterministic  nature  of  the  wave¬ 
form  is  achieved.  Third,  the  phase  relationships,  even  if  incorrect,  are  at  least  not 
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l;lg.  3-2.2.  F  requency  content  of  blast  pressure  wave. 


artiflcaliy  controlled  and  would  be  repeatable  for  a  given  test  setup.  Fourth, 
variation  of  the  pulse  repetition  rate  would  tune  all  harmonics  correctly.  Fifth, 
the  test  duration  is  immediately  determined  since  real-time  testing  is  achieved. 
This  technique  is  discussed  in  more  detail  in  later  chapters  dealing  with  imple¬ 
mentation  of  tests. 


CHAPTER  4 

VIBRATION  EQUIPMENT  REQUIREMENTS 


Previous  chapters  have  described  the  various  factors  to  be  considered  in  the 
selection  of  a  test  method.  The  remaining  chapters  are  concerned  with  the 
Implementation  and  performance  of  the  various  methods.  Of  course,  the  factors 
discussed  in  these  chapters  should  also  be  considered  in  the  selection  of  the  test 
and  preparation  of  a  test  plun  (see  Appendix  C).  However,  rigid  contractual 
requirements  specifying  the  test  method  are  often  set  prior  to  such  considera¬ 
tion.  Even  so,  many  of  the  factors  discussed  in  these  remaining  chapters  can  be 
optimized  within  a  given  test  method  in  such  a  way  us  to  significantly  Influence 
the  cost,  time,  complexity,  and  accuracy  with  which  the  test  can  be  performed. 
This  chapter  presents  equipment  considerations  which  are  applicable  generally, 
regardless  of  test  method,  whereas  Chapter  5  covers  those  factors  related  specif¬ 
ically  to  the  various  test  methods  and  sets  of  conditions. 

Tlie  basic  elements  of  vibration  test  equipment  arc  shown  schematically  in 
Fig.  4-1,  linked  together  in  the  order  in  which  mechanical  or  electrical  signals 
flow  through  the  system.  The  dotted  line  is  intended  to  Indicate  the  alternatives 
of  manual  or  servo  control  while  the  parallel  paths  indicate  that  a  load  connec¬ 
tion/support  system  or  a  vibration  fixture,  in  the  conventional  usage  of  the  term, 
may  or  may  not  be  necessary,  depending  on  the  configuration  of  the  test  item. 

The  following  sections  contain  discussions  of  the  major  factors  with  respect 
to  all  the  elements  shown  in  Fig.  4-1  except  the  waveform  generation  equipment 
and  most  of  the  control  system  equipment,  which  are  discussed  in  Chapter  5. 


Tig.  4-1.  Basic  elements  ot'  vibration  test  equipment. 
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Information  which  is  normally  available  from  manufacturers  of  vibration  test 
equipment  is  not  included. 

4.1  Vibration  Excitation  Systems 

A  vibration  excitation  system  is  defined  here  as  consisting  of  the  driving  or 
power  source,  the  vibrator  (shaker)  and,  where  applicable,  the  external  load 
connection/iupport  system.  Driving  source/vibrator  systems  may  be  classified 
into  three  categories  characterized  by  their  nominal  maximum  test  frequency: 
(1)  low  frequency  (50  to  60  Hz),  (2)  intermediate  frequency  (500  to  900  Hz), 
and  (3)  wideband  (2000  to  5000  Hz).  The  material  in  Chapters  4  and  5  is 
applicable  generally  to  the  use  of  either  of  the  last  two  categories,  although  the 
discussion  is  directed  mainly  to  the  use  of  wideband,  electrodynamic  systems.  If 
one  excludes  product  assurance  testing,  most  current  testing  is  performed  using 
wideband  systems. 

Vibration  System  Types  and  Characteristics 

The  low-frequency  vibration  system  is  exemplified  by  the  inertially  driven 
reaction-type  exciter.  It  is  available  in  a  wide  range  of  load-bearing  capacities, 
ha '  t*sl  frequency  capabilities  in  the  range  of  about  5  to  60  Hz,  and  is  limited  to 
low  displacements  and  sinusoidal  waveforms. 

Intermediate-frequency  systems  are  typified  by  the  hydraulic  shaker.  The 
driving  force  is  derived  directly  from  a  hydraulic  power  supply,  with  very  large 
force  ratings  possible.  The  application  of  the  force  may  be  electronically 
programmed,  thus  permitting  sinusoidal,  complex,  or  random  waveform  testing 
within  the  system’s  frequency  capability.  Test  frequency  capabilities  may  range 
from  as  low  as  0,1  Hz  to  an  upper  limit  of  500  to  900  Hz.  Relatively  large 
displacements  are  possible  at  the  lower  frequencies,  with  several  inches  com¬ 
monly  available  and  a  few  man-rated  systems  providing  several  feet. 

Wideband  systems  are  comprised  of  clectrodynamic  shakers  driven  by  elec¬ 
tronic  power  amplifiers.  Older  systems  are  limited  to  the  frequency  range  of  10 
to  2000  Hz,  but  systems  have  been  available  for  several  years  with  upper  limits 
of  3000  to  5000  Hz.  Maximum  peak-to-peak  displacement  capabilities  range 
from  0.5  to  1/in. 

Vibration  System  Capacity 

For  any  given  test,  the  ability  of  the  vibration  system  to  produce  the  desired 
waveform  over  the  desired  frequency  range  at  the  required  level  is  of  prime 
importance.  It  is  obvious  that  use  of  a  system  with  insufficient  capacity  is  likely, 
at  best,  to  result  in  only  a  partial  achievement  of  test  objectives,  However,  even 
if  the  selection  of  a  facility  Is  based  on  nominal  force  requirements  which  appear 
to  be  adequate,  there  are  adverse  results  which  may  be  expected.  For  example; 

1.  The  ubiquitous  problem  of  designing  an  adequate  fixture  is  likely  to  be 
compounded  by  the  weight  constraint  imposed  by  the  force  limit. 
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2.  There  Is  likely  to  be  Impairment  of  the  ability  to  program  and  control  test 
levels  due  to  the  combined  influences  of  the  electromechanical  characteristics  of 
the  shaker  system  and  an  unfavorable  mass  ratio  of  test  object,  fixture,  etc.,  to 
shaker  armature. 

As  a  general  rule,  the  greater  the  capacity  of  the  vibration  system,  the  less 
pronounced  are  these  effects.  Conversely,  if  equipment  costs,  uvailubllity,  or 
other  considerations  make  necessary  the  use  of  a  marginully  powered  system, 
test  performance  difficulties  should  be  anticipated  and  compromises  that  will 
probubly  be  required  in  fixturlng,  test  quality,  and  test  time  should  be  recog¬ 
nized  and  accepted.  It  is  unfortunately  true  that  the  adequacy  of  the  excltutlon 
system  can  rarely  be  determined  rigorously  prior  to  testing  the  actual  test  item 
at  full  test  level. 

In  addition  to  the  system's  force  rating,  the  maximum  stroke  of  the  shaker 
armature  must  be  considered.  First,  depending  on  the  weight  of  the  test  mass 
and  the  stiffness  of  the  armature  flexures,  the  stroke  available  during  vertical 
testing  will  be  less  than  the  rated  stroke  because  of  static  armature  deflection 
dun  to  the  test  load.  This  problem  is  avoided  on  some  recently  developed  shakers 
by  incorporation  of  u  device  which  recenters  the  armature  as  load  is  added. 
Some  older  shakers  can  be  modified  to  provide  this  repositioning  capability 
(63] .  Second,  since  the  muximum  stroke  of  some  shakers  Is  limited  to  u  0.5-ln. 
double  amplitude,  acceleration  levels  specified  at  lower  frequencies  may  not  be 
attainable  because  the  resulting  displacement  exceeds  the  stroke  limit. 


Load  Connection  and  Support  Systems 

Load  connection  and  support  systems  include  those  devices  employed  to 
couple  the  shaker  armature  to  and  to  support  the  dead  loud  of  the  test  item  and, 
where  applicable,  the  test  fixture  tn  which  It  Is  mounted.  See  Fig.  4-1. 

The  need  for  such  devices  arises  generally  when  one  or  more  of  the  following 
situations  obtains: 

1 .  The  test  item  is  large  or  massive, 

2.  The  orientation  of  the  test  item  with  respect  to  gravity  forces  must  be 
maintained,  regardless  of  axis  of  vibration  excitation. 

3.  The  test  itom  Is  to  be  tested  along  each  of  three  orthogonul  axes. 

4.  The  dcadload  or  moment  cannot  bo  supported  by  the  shaker. 

5.  The  dynamic  moment  (overturning  moment)  cannot  be  reacted  by  the 
shaker. 

6.  Motion  normal  to  the  excitation  axis,  l.e„  crosstalk,  must  be  minimized. 

7.  The  test  item  is  to  be  vibrated  at  one  or  more  locations  which  are  not 
"normal  attachment  points”  and  no  “fixture"  is  employed. 

8.  A  single,  less-expensive  fixture  can  be  employed  for  all  test  axes  in  con¬ 
junction  with  such  a  system. 
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Tho  design  of  such  devices  must  fulfill,  to  the  greatest  possible  extent,  the 
following  requirements: 

1.  Minimize  distortion  of  the  desired  vibration  waveform  at  tire  test  item. 

2.  Minimize  effects  on  the  response  of  the  test  item  to  the  required  vibration 
excitation, 

3.  Prevent,  or  at  least,  not  amplify  crosstalk  motion. 

4.  Minimize  the  reduction  in  vibration  excitation  system  capacity. 

5.  Be  convenient  to  use. 

6.  Protect  the  shaker  armature  from  excessive  loading, 

These  devices  can  be  grouped  into  three  basic  categories  which  are  discussed 
in  the  following  subsections.  These  categories  are  (1)  linkages  between  the 
shaker  und  the  test  item,  the  test  fixture,  or  tire  slip  plate  through  which  the 
excitation  is  transmitted;  (2)  slip  plates  which  provide  a  mounting  platform  in  a 
horizontal  plane  to  be  driven  in  a  horizontal  direction;  and  (3)  devices  used  to 
support  the  dead  load  of  the  test  Item.  Requirements  for  design  of  categories  1 
and  2  have  much  in  common  with  tire  design  of  vibration  fixtures  discussed  in 
Section  4,2.  hr  particular,  the  requirement  for  preloading  of  bolted  connections 
[64|  and  for  caro  of  mating  surfaces  must  be  observed  for  satisfactory 
performance. 

Linkages.  Linkages,  in  the  present  context,  serve  us  transition  structures  to 
transmit  tire  shaker  motion  or  force  toward  the  lest  Item.  Most  shaker  armatures 
are  circular  with  one  or  more  concentric  bolt  circles  for  attachment.  The  linkage 
must  be  a  rigid,  efficient  structure  to  provide  the  transition  from  the  circular 
armature  to  (1)  a  line  for  attachment  to  a  slip  plate,  (2)  a  larger  area  for 
attachment  to  a  fixture,  or  (3)  a  smaller  area  for  attachment  directly  to  u  test 
item.  Types  I  and  2  are  completely  rigid,  whereas  type  3  may  be  flexible  in 
shear  or  bending.  This  flexibility  is  required  to  protect  the  shaker  from  excess 
loads  when  the  test  item  center  of  gravity  is  offset  from  the  line  of  force  or 
when  significant  shear  arid  flexural  response  loads  cun  be  predicted.  Figs.  4-2, 
4-3,  and  4-4  show  typical  linkages  of  the  three  types  mentioned.  Tollcth  [65] 
discusses  the  design  of  linkages  to  drive  slip  plates.  Such  linkages  are  usually 
attached  to  the  shaker  and  the  edge  of  the  slip  plate  through  bolts  in  tension. 
However,  for  the  slip  plate,  it  is  structurally  more  efficient  to  apply  shear  load¬ 
ing  by,  for  example,  using  cylindrical  expansion  sleeves  in  aligned  hoies  through 
linkage  and  plate  normal  to  the  thrust  axis.  The  latter  approach  lias  the  added 
advantage  of  speeding  up  the  process  of  changing  shaker  orientation  since  only 
loosening  or  tightening  is  required  rather  than  complete  unthreading  or  thread¬ 
ing,  Obtaining  desirable  frequency  response  characteristics  for  the  linkage-slip 
plate  combination  is  difficult,  but  careful  design  techniques  yield  reasonable 
performance.  The  authors  know  of  a  lew  instances  where  an  integral  linkagc/slip 
plate  has  been  fabricated  from  a  machined  casting;  however,  the  degree  of 
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improvement  over  the  conventional  configuration  is  unknown  uiul  may  no*,  jus¬ 
tify  the  significant  increase  in  cost. 

The  linkage  shown  in  Fig.  4-4  incorporates  an  “X"  flexure  which  permits  the 
missile  to  “pitch"  with  negligible  moment  applied  to  the  armature.  Such  linkages 
developed  from  the  rather  unsatisfactory  experience  witli  the  use  of  mechanical 
fuses,  i.e.,  rods  threaded  at  caclt  end  and  “necked  down"  in  t lie  middle.  These 
linkages  tended  to  absorb  too  much  shaker  capacity  because  of  a  low  longitu¬ 
dinal  resonant  frequency  and  fractured  rather  frequently. 

For  small  loads  mounted  on  tlte  shaker  table  where  repetitive  testing  of 
successive  items  is  required,  attempts  have  been  made  to  speed  up  tlte  installa¬ 
tion-removal  cycle  by  using  vacuum  j(>n]  or  liquid  film  mounting  [(>7]  tech¬ 
niques  with  some  degree  of  success.  These  methods  may  be  useful  for  low-mass 
items  where  acceleration  forces,  particularly  at  the  lower  frequencies,  are  mil 
too  lurge. 

Slip  Plates.  Tlte  majority  of  vibration  tests  require  tire  lest  item  to  be  vi¬ 
brated  in  each  of  llirce  orthogonal  axes,  typically  the  vertical,  longitudinal,  and 
lateral  axes  of  the  test  item.  When  tire  test  item  is  mounted  in  a  fixture,  it  is 
generally  economical  and  sometimes  mandatory,  if  the  orientation  of  the  test 
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Hi!.  4-3.  Typical  urniutiia-lo-lixture  linkage. 


Item  Is  significant  (c.g.,  when  vibration  isolators  arc  part  of  the  last  item),  to  use 
a  slip  plate  for  testing  in  the  two  horizontal  axes. 

The  more  common  of  two  basic  types  of  slip  plates  is  shown  in  Pig.  4-2.  Tiie 
slip  plate  flouts  on  a  thin  oil  film  on  a  granite  block  |68-70|.  The  shaker 
mounting  hole  pattern  is  usually  repeated  in  the  plate  to  permit  use  of  a  single 
fixture.  The  problem  of  large  fixture  overhang  for  at  least  two  test  axes  Is 
minimized,  and  a  relatively  large  overturning  moment,  due  to  vertical  offset  of 
the  center  of  gravity  from  the  thrust  axis,  can  be  tolerated.  However,  flatness 
tolerunees  on  the  plate  utid  top  surface  of  the  block  are  light;  protection  of  these 
finished  surfaces  during  use,  handling,  and  storage  is  required,  and  alignment  Is 
critical  if  the  necessary  film  tension  restraining  forces  are  It)  be  maintained.  It  is 
obvious  also  that  the  maximum  acceleration  level  which  can  be  applied  to  a 
given  test  mass  is  reduced  due  to  the  increased  load. 

All  but  the  last  of  the  above  difficulties  can  be  eliminated  by  the  use  of  a  test 
bed  riding  on  shoes  sliding  in  test  raining  slots  and  lubricated  by  high  pressure  oil 
feeds.  Such  equipment  is  commercially  available  and  will  withstand  very  high 
off-axis  loads  successfully.  However,  these  systems  ure  considerably  more  expen¬ 
sive  titan  slip  plate  installations. 


Fig.  4-4.  Typical  aimature-to-tcst-ltem  linkage. 

Prior  to  the  development  of  slip  plates,  support  of  test  objects  for  testing  in 
the  horizontal  axes  wus  provided  by  either  a  set  of  rollers  under  the  fixture  or 
plate  or  an  array  of  vertical  flexures  attached  to  a  relatively  Inert  base  [71] .  The 
problems  encountered  with  resonances,  crosstab,  and  rattles  in  these  types  of 
support  are  readily  imagined. 

Static  Load  Support.  Tests  of  large  or  massive  items,  except  when  slip  plates 
aie  employed,  generally  require  a  device  to  react  the  static  load  of  the  item.  If 
the  Item  is  mounted  on  top  of  the  shaker,  it  may  be  necessary  to  reduce  the 
stress  on  the  armature  flexures  and/or  preserve  the  full  positive  and  negative 
displacement  capability  of  the  shaker.  (See  page  105  also.)  When  the  shaker 
axis  is  horizontal,  static  shear  and  bending  moment  on  the  armature  must  be 
prevented.  In  either  case,  the  static  load  support  must  be  “soft,”  i.e.,  the  natural 
frequency  of  the  suspended  mass  (ass'  .ned  rigid)  In  the  excitation  axis  must  be 
low  compared  to  both  the  lowest  resonant  frequency  of  the  suspended  mass  and 
the  lowest  excitation  frequency.  The  support  device  must  also  be  capable  of 
position  adjustment  for  alignment  of  the  test  object  with  the  shaker. 

A  variety  of  support  mechanisms  such  as  air  bags,  elastic  cables  (e.g.,  shock 
cords),  and  metal  springs  in  combination  with  hoists,  jacks,  etc.,  may  be  success¬ 
fully  used  for  static  load  support.  For  example,  see  Fig.  4-4. 

It  is  generally  advisable,  in  those  tests  where  static  load  supports  are  neces¬ 
sary,  to  provide  a  backup  support  or  "preventer."  This  support  is  supposed  to 
catch  and  support  the  test  item  in  case  of  failure  of  the  main  support  system. 
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The  ropes  visible  in  Fig,  4-4  have  this  purpose  bur  fortunately  have  yet  to  be 
proven  adequate. 

4,2  Vibration  Fixtures 

There  are  many  factors  to  be  considered  In  the  design  of  vibration  fixtures.  In 
addition  to  the  general  considerations  such  as  weight,  configuration,  and  cost 
there  cun  be  requirements  on  stiffness,  durability,  and  simplicity.  In  a  typical 
program  the  fixture  requirements  appear  in  three  forms:  The  project  office 
desires  fixtures  that  cost  nothing,  can  be  built  overnight,  will  accommodate  ten 
units  simultaneously,  can  be  used  for  holding  fixtures  when  not  In  use  for 
vibration,  and  can  be  used  on  other  programs.  The  specification  people  want 
fixtures  that  have  infinite  stiffness  and  zero  cross-axis  response.  The  test  labora¬ 
tory  wants  a  fixture  which  weighs  nothing,  will  allow  all  three  test  axes  to  be 
performed  on  the  slip  plate,  and  can  be  switched  to  another  axis  by  removing 
and  replacing  one  bolt.  A  poorly  designed  fixture  is  usually  the  result  of  exces¬ 
sive  influence  by  any  one  of  the  three  groups.  A  good  or  adequate  fixture  will 
possess  a  balance  of  all  of  the  above  factors,  it  is  the  job  of  the  fixture  designer 
to  place  these  sometimes  contradictory  wishes  in  perspective  and  derive  his  own 
set  of  design  requirements  that  will  allow  the  design  of  an  optimum  fixture.  The 
following  sections  outline  the  primary  considerations  in  fixture  design.  Refer¬ 
ences  72  and  73  contain  more  detailed  discussions  on  this  subject. 

Weight 

A  controlling  parameter  in  the  fixture  design  is  the  maximum  allowable 
weight.  This  weight  is  u  function  of  the  available  excitation  force,  vibration  test 
requirements  (i.e. ,  level,  frequency  range,  and  method  of  control),  and  moving 
mass,  i.c.,  weight  of  test  article,  shaker  armature,  slip  plate,  etc.  As  a  first 
approximation  the  allowable  weight  should  be  calculated  on  the  basis  that  the 
moving  mass  remains  rigid  throughout  (he  frequency  range  oi  the  test.  For 
example,  u  10,000-lb  shaker  would  be  capable  of  exciting  a  moving  mass  of  1000 
lb  ut  a  sinusoidal  level  of  10  g's.  However,  because  the  moving  mass  will  respond 
dynamically  to  the  excitation,  there  will  be  frequencies  where  additional  force 
will  be  required  to  maintain  a  given  acceleration  level.  The  amount  of  additional 
force  depends  on  the  dynamic  characteristics  of  the  complete  test  configuration 
and  the  method  of  test  control.  A  method  which  utilizes  a  single  acclerometer 
locution  for  level  control  will  generally  roquire  more  force  than  an  averaging  or 
signal  selection  method.  A  test  engineer  can  usually  estimate  the  force  require¬ 
ments  on  the  basis  of  past  experience  with  similar  tests.  However,  a  good  rule  of 
thumb  is  to  multiply  the  test  article  weight  by  ten  when  using  single-point 
control  and  by  two  when  using  averaging  or  signal  selecting  techniques.  This 
weight  is  then  used  as  follows  to  calculate  the  allowable  fixture  weight: 
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Force  rating 

Fixture  weight  =  — — ; — - - Test  weight , 

Test  level 


where 

Test  weight  =  Total  weight  of  moving  mass  (i.e.,  armature,  slip  plate,  test 
article,  etc.)  minus  the  fixture  weight.  (Tost  article  weight 
multiplied  by  2  or  10  as  defined  above.) 

Force  rating  =  Force  rating  of  shaker  (peak  or  rms,  respectively,  tor  sine 
or  random) 

Test  level  ■  Acceleration  level  of  test  control  (in  units  corresponding  to 
type  of  test,  he.,  peak  for  sine,  rms  for  random). 

Stiffness 

The  stiffness  requirement  of  a  vibration  fixture  is  different  for  different  types 
of  tests.  For  engineering  evaluation  tests  where  the  dynamic  characteristics  of 
the  test  article  are  to  be  determined,  the  stiffness  of  the  fixture  is  extremely 
important,  it  must  be  controlled  so  that  information  derived  in  the  test  can  be 
pioperly  interpreted.  Stiffness  Is  also  important  for  tests  where  the  fixture  is  to 
simulate  the  mounting  structure  of  the  test  article  [30] .  For  testing  of  light 
components  and  off-the-shelf  equipment  to  military  standards  requirements, 
consistency  is  important,  and  therefore  so  is  the  stiffness  of  the  fixture.  For  the 
Urge  majority  of  tests,  however,  the  requirement  on  the  fixiuro  stiffness  should 
be  the  least  important  factor  of  all  the  design  requirements.  Unfortunately,  it  is 
often  treated  as  tire  most  Important.  Efforts  are  directed  toward  making  fixtures 
as  stiff  as  possible  with  the  ultimate  objective  of  attaining  equal  in-phase  motion 
at  all  test  article  attachments  throughout  the  frequency  range  of  the  test.  This 
effort  usually  results  in  expensive,  heavy,  and  limited-use  fixtures.  Most  im¬ 
portant,  environmental  simulation  is  degraded.  This  is  evidenced  by  the  fact  that 
vibration  fixtures,  especially  those  designed  for  stiffness,  have  no  resemblance  to 
the  actual  foundation  structure  of  the  equipment.  The  ultimate  in  good  simula¬ 
tion  would  be  to  provide  a  fixture  that  simulates  the  equipment  mounting 
impedance  and  to  control  the  test  in  a  manner  which  would  allow  the  article  to 
influence  the  base  motion.  The  technical  difficulties  and  expense  are  at  present 
too  great  for  such  a  test.  It  can  be  approached,  however,  through  the  use  of 
excitation  and  control  techniques  discussed  in  Chapter  2  and  by  not  using  fix¬ 
tures  whien  arc  too  stiff  when  compared  to  the  mounting  structure  of  the  test 
article.  This  last  statement  is  negative  in  that  it  advises  not  to  use  a  certain 
fixture  design  rather  than  suggesting  a  requirement.  This  is  intentional  because 
specif  cation  of  any  stiffness,  even  one  that  approximates  actual  conditions,  is 
often  too  binding  a  constraint  on  fixture  design. 

Occasionally  fixtures  must  be  made  unusually  stiff  to  enable  the  achievement 
of  full  test  level.  This  may  come  about  when  the  test  requires  the  use  of  a  fixture 
that  hat  a  configuration  that  structurally  provides  a  low-pass  filter  between  the 
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excitation  anil  the  control  accelerometers,  As  an  example,  the  testing  of  a  large 
object  on  the  head  of  a  shaker  where  the  fixture  has  a  significant  amount  of 
overhang  often  results  in  an  inability  to  achieve  test  level  above  the  frequency 
associated  with  the  fundamental  bending  frequency  of  the  fixture.  The  problem 
can  usually  be  solved  or  at  least  reduced  If  the  stiffness  of  the  fixture  is  in¬ 
creased. 

Material  and  Method  of  Construction 

The  factors  which  influence  the  selection  of  a  material  are  weight,  cost, 
availability,  and  ease  of  construction  (e.g.,  muchinubility).  Aluminum  and  mag¬ 
nesium  are  the  most  popular  for  fixtures.  Aluminum  is  generally  more  desirable 
because  of  Its  strength,  especially  for  fixtures  which  will  have  repeated  use. 
Method  of  construction,  that  Is,  welded,  boltod,  or  cast,  depends  on  two  factors: 
cost  and  schedule.  Bolted  fixtures  may  be  the  cheapest  to  manufacture  but  can 
cause  problems  In  test  control  If  improperly  designed.  Cast  fixtures  usually  are 
the  most  expensive  (un  exception  to  this  general  rule  Is  discussed  In  Ref.  74)  and 
therefore  difficult  to  justify  except  for  special  situations.  The  most  economical 
and  useful  fixtures  usually  are  both  welded  and  bolted,  Bolts  should  always  be 
preluaded  [64]  to  Insure  against  separation  of  parts,  a  highly  nonlinear  phenom¬ 
enon  which  can  cause  problems  in  test  control.  Use  of  laminated  fixtures  is 
discussed  In  Ref.  72. 

Miscellaneous  Considerations 

If  at  all  possible,  fixtures  should  be  designed  to  allow  three-axis  tosting  on 
either  the  head  of  the  sliukcr  ui  the  slip  plate.  This  is  to  eliminate  the  need  to 
rotate  the  shaker  from  horizontal  tovcrtlcul  or  vice  versa  In  addition  the  design 
should  minimize  the  effort  required  in  switching  axes;  the  unit  should  be  easy  to 
remove  from  the  fixture  and  the  fixture  from  the  shaker  or  slip  plate  [66] .  It  is 
also  desirable,  although  seldom  possible,  to  be  able  to  dctuch  the  fixture  without 
removing  the  unit.  For  testing  large  or  massive  items  which  require  large  fixtures, 
integrated  slip  plate/fixtures  should  be  considered  [73] . 

If  a  fixture  Is  to  be  used  repeatedly  it  Is  desirable  lo  use  threaded  steel  Inserts 
at  all  locatiuns  that  require  continual  removal  and  replacement  of  bolts.  In 
addition,  bearing  surfaces  which  are  under  high  preloud  stresses  may  require 
special  attention  for  repeated  loadings  to  prevent  galling  (i.e„  heat  treatment, 
material  or  chemical  coatings). 

4.3  Instrumentation  and  Control 

Transducer  Characteristics,  Location,  and  Mounting 

t.  If  the  test  to  be  performed  is  to  yield  any  meaningful  results,  one  must  be 

i.  able  to  identify  the  point,  or  points,  for  which  vibration  levels  arc  to  be  defined 
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and  controlled,  whether  the  specified  “Inputs"  be  in  terms  of  displacement, 
velocity,  acceleration,  a  combination  of  these,  or  force.  Although  the  exclusive 
use  of  accelerometers  has  become  fairly  common  in  recent  years  for  tests  where 
a  mixture  of  displacement,  velocity,  and  acceleration  levels  is  required,  a  few 
observations  concerning  the  first  two  types  of  transducers  are  in  order  since,  for 
an  occasional  test  at  lower  frequencies,  they  represent  the  optimum  instru¬ 
mentation  approach. 

Displacement  Transducers.  Practical  displacement  measurement  techniques 
can  be  classified  conveniently  into  three  basic  categories  according  to  the  param¬ 
eters  used  to  convert  motion  to  Its  desired  analog:  resistive,  capacitive  or  induc¬ 
tive,  and  optical.  Since  alt  depend  upon  the  change  of  a  parameter  proportional 
to  the  absolute  displacement  of  the  test  mass,  part  or  ail  of  the  transducer  (or 
the  observer,  in  one  case)  must  be  supported  rigidly,  or  Isolated,  to  provide  an 
inertial  reference  against  which  motion  of  the  test  mass  is  measured.  It  is  obvi¬ 
ous,  then,  that  their  useful  frequency  range  is  dependent  on  this  support  struc¬ 
ture  as  well  as  on  the  limitations  inherent  in  the  design  of  the  transducer  itself. 
The  three  types,  along  with  additional  factors  to  be  considered  in  their  applica¬ 
tion,  are  as  follows: 

1.  Potentiometrlc  or  slide-wire.  A  regulated  excitation  voltage  is  applied 
across  the  potentiometer  allowing  pick-off  of  a  signal  proportionul  to  displace¬ 
ment  by  use  of  a  slider  connected  by  a  mechanical  linkage  to  the  test  mass. 
Other  factors  which  should  be  considered  are  the  inertial  loudlng  of  the  slider, 
linkage,  and  its  attachment;  the  degree  of  resolution  (determined  by  slider  di¬ 
mension,  fineness  of  potentiometer  wire,  and  total  resistance);  and  noise  effects 
due  to  transient  changes  in  slider  contact  pressure. 

2.  Capacitive  or  inductive.  A  regulated  excitution  voltage  is  applied  and  a 
change  in  capacitance  (75]  or  inductance  due  to  relative  motion,  respectively,  of 
either  an  equivalent  capacitor  plate  or  a  piece  of  ferromagnetic  material  attached 
to  the  test  mass  permits  the  generation  of  u  signal  proportional  to  displacement. 
Loading  is  minimal  usually  but  linearity  of  output  and  low  resolution,  common¬ 
ly  resulting  from  the  fuct  that  the  total  parameter  change  is  relatively  small,  are 
additional  factors  to  consider. 

3.  Opticul.  There  are  three  techniques  which  muy  be  used;  in  one,  tlte  specu¬ 
lar  reflection  at  a  relatively  sharp  boundary  between  a  light  ami  dark  urea  on  the 
test  mass  is  tracked  through  optics  by  an  electronic  servo  which  generates  an 
output  signal  proportional  to  displacement  (76] .  No  loading  at  all  occurs,  and 
both  resolution  and  frequency  response  nominally  are  far  better  than  for  other 
systems.  However,  its  rigid  mounting  is  much  more  difficult  due  to  sensor  size 
and  mass  and  is  further  complicated  by  the  placement  limitation  Imposed  by  the 
focal  length  of  the  opticul  system.  A  recently  developed  method  involves  die 
use  of  the  laser  Interferometer.  For  details  see  Refs.  77, 78,  und  79.  The  third 
method  involves  the  use  of  the  “optical  wedge”  (Fig.  4-5)  and  cun  be  applied 
only  to  the  case  of  pure  sinusoidal  motion  and  for  displacements  of  0.05  in. 
(peak-to-pcak)  or  more.  Since  its  effectiveness  depends  partially  upon  tlio 
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phenomenon  of  rctcntivlty  in  vision,  the  wedge  cannot  be  used  at  frequencies 
below  14  to  16  Hz.  The  minimum  resolution  off). OS  in.  double  amplitude  (DA) 
represents  rapidly  increasing  acceleration  with  increasing  frequency,  i.c.,  pro¬ 
portional  to  frequency  squared.  For  example,  at  125  Hz,  the  acceleration  Is 
40  g  peak.  For  additional  information,  see  Ref.  80. 

Velocity  Transducers.  The  operation  of  the  velocity  transducer  in  general 
depends  on  the  Inertial  displacement  of  u  coll  In  a  magnetic  field.  As  the  coll, 
which  is  connected  into  the  sensing  and  measurement  circuitry,  cuts  links  of  the 
magnetic  Held,  an  electromotive  force  Is  generated  which  Is  proportional  to 
velocity,  Because  It  usuully  requires  a  self-contained  mugnetic  field,  the  velocity 
transducer  is  relatively  heavy.  Therefore,  Its  use  should  be  reserved  for  applica¬ 
tions  where  fairly  high  loading  of  the  test  muss  can  be  tolerated. 

Accelerometers.  Piezoelectric  types  of  accelerometers  have  been  must  com¬ 
monly  used  In  recent  years  because  they  are  relatively  light,  are  available  with  a 
fairly  wide  range  of  sensitivities,  and  are  most  easily  used  with  modern  commer¬ 
cial  electronic  programming  and  control  equipment.  Their  outputs  arc  derived 
by  imposing  an  Inertial  force  on  a  piezoelectric  crystal,  with  the  strain  thereby 
created  generating  an  electrical  charge  proportional  to  acceleration.  Their  high- 
frequency  response  is  quite  good,  with  most  being  usable  to  well  above  2,0kllz 
and  some  having  Inherently  accurate  response  up  to  10  kHz.  Nominal  limits  on 
their  upper  frequency  range  are  determined  by  accelerometer  resonance  charac¬ 
teristics  [81].  However,  it  should  be  noted  that  the  mounting  method  is  likely 
to  he  the  major  factor  limiting  the  frequency  range  over  which  useful  dulumuy 
be  obtained.  Plezooleeirie  accelerometers  generally  have  a  limited  low-frequency 
response,  with  Increasing  signal  degradation  below  10  to  15  Hz. 


Mr.  4-5.  Typical  upticul  wedge. 
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For  low  frequency  tests,  or  whr  n  greater  signal  sensitivity  is  required,  the 
strain-gage  accelerometer  may  be  preferable.  There  are  two  basic  types:  wire 
resistance  and  piezoresiitl.'e.  They  both  provide  .direct  current  (zero  frequency) 
response;  however,  the  upper  frequency  response  is  limited  to  the  range  of  about 
50  to  300  Hz  for  wire  types  and  they  are  relatively  heavy  and  susceptible  to 
damage  if  their  acceleration  range  Is  exceeded.  The  plezoresistive  type  is  much 
lighter,  can  provide  much  higher  frequency  response,  and  is  somewhat  less  sus¬ 
ceptible  to  overacceleration  damage  [82] . 

Location  and  Mounting.  As  has  been  noted,  definition  of  control  points 
should  be  an  essential  part  of  test  design.  Adequate  test  planning,  then,  should 
lead  to  provision  in  ihe  fixture  design  for  convenient  mounting  of  transducer(s) 
at  the  point(s)  for  which  test  levels  are  to  be  controlled  [83] .  For  the  test  where 
control  must  be  based  upon  an  Input  modified,  or  limited,  according  to  the 
response  at  one  or  more  points  on  the  test  object  itself,  the  selection  of  the 
location  and  the  type  of  response  transducers  requires  careful  consideration.  For 
example,  if  a  point  at  which  the  response  must  be  monitored  is  likely  to  flex 
during  vibration,  there  are  two  basic  problems  in  selecting  an  appropriate  trans¬ 
ducer  regardless  of  mounting  method;  (1)  the  accelerometer  must  be  light 
enough  to  minimize  loading  effects  sufficiently,  and  (2)  its  sensitive  element 
must  be  well-enuugh  isolated  from  its  case  so  that  strain  imposed  on  the  latter 
by  the  test  structure  does  not  induce  s,  -lous  signals  in  the  accelerometer  ou*- 
put.  It  should  be  noted  that  some  commercially  available  miniature  accelei 
ometers  are  particularly  sensitive  to  case  distortion. 

Threaded  studs  (or  screws)  and  cement  are  most  commonly  used  fur  mount¬ 
ing  accelerometers.  If  no  precautions  arc  taken,  a  threaded  attachment  will  often 
Introduce  electricul  noise  into  the  output  of  the  accelerometer  due  to  grounding 
of  its  case.  This  problem  can  be  avoided  by  using  Isolated  mounting  studs  which 
are  commercially  available  with  good  mechanical  response  characteristics.  For 
threaded  attachments  it  is  important  to  use  the  installation  torque  recommended 
by  the  accelerometer  manufacturer  to  avoid  deviation  from  the  calibrated  sensi¬ 
tivity.  The  effects  of  mounting  variables  on  ihe  accelerometer’s  performance  are 
described  In  Ref.  84. 

The  most  popular  material  for  cemented  attachments  is  Eastman  910  because 
It  is  easy  to  use  and  attains  full  strength  within  a  few  minutes  after  application. 
If  it  is  applied  properly  to  u  dean,  flat  surface,  the  resulting  bond  is  adequate  if 
instantaneous  acceleration  levels  do  not  exceed  60  to  75  g’s  and  if  it  is  not 
exposed  to  temperatures  outside  the  range  of  about  0  to  75SC.  It  is  often 
necessary  to  interpose  a  thin  fiberglass  pad  between  accelerometer  base  and 
mounting  surface  (cementing  both)  to  avoid  ground-loop  noise.  Frequency  re¬ 
sponse  in  either  case  is  surprisingly  good:  even  with  the  insulating  pad  it  is 
satisfactory  up  lo  3  kHz  [85] .  If  the  mounting  surface  is  not  smooth  or  fiat, 
dental  cement  can  be  used  with  satisfactory  results.  At  leust  45  min  must  be 
allowed  for  curing  at  ambient  temperature  with  more  time  required  if  test  levels 
greater  than  about  10  g's  arc  expected;  curing  time  can  be  reduced  by  applying 
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heat  carefully.  Double-back,  pressure-sensitive  tape  Is  sometimes  used  for  accel¬ 
erometer  mounting;  it  is  not  leeommcnded  for  test  levels  exceeding  4  to  5  g‘s  or 
at  frequencies  greater  than  500  II/.  [85,86| . 

Other  miscellaneous  mounting  techniques  Involve  the  use  of  a  thin  layer  of 
wux  or  a  permanent  magnet.  Good  frequency  response  is  claimed  but  no  evi¬ 
dence  of  independent  confirmation  has  been  found  In  the  literature. 

In  addition  to  assuring  satisfactory  attachment  of  accelerometers,  it  is  neces¬ 
sary  to  secure  their  cables  lo  prevent  whipping  which  is  likely  to  induce  spurious 
signals  in  the  cables,  at  the  connectors,  or  as  a  result  of  strain  imparted  to  the 
accelerometer  case.  It  is  recommended  that  all  cables  be  taped  or  lashed  as 
required  to  prevent  their  morion  relative  to  the  test  mass  and  accelerometers. 

Averaging 

As  was  noted  in  Section  2.2,  control  of  the  test  level  to  the  average,  cither 
absolute  or  power,  of  two  or  more  transducer  signals  has  become  common 
practice  [31] .  The  synthesis  of  u  control  signal  which  has  the  properties  of  the 
desired  uvciage  is  often  achieved  by  the  use  of  a  commutating  device  known  as  a 
time  division  multiplexer  (TDM),  whose  function  is  illustrated  in  Fig.  4-6  The 
output  of  the  TDM  consists  of  sequential  time  samples  of  each  signul.  In  normal 
operation  during  sinusoidal  tests,  commutation  is  synchronized  with  the  excita¬ 
tion  frequency  so  that  caclt  successive  sample  contains  one  period  of  motion. 
For  use  in  random  or  complex-wave  testing,  the  dwell  or  gating  time  Is  adjust¬ 
able  over  some  range. 

Failure  to  observe  certain  precautions  in  the  use  of  the  TDM  [87]  can  cause 
significant  errors.  Basically,  these  errors  all  stem  from  the  fact  that  the  spectral 
chatuctcristics  of  the  TDM  output  signal  will  almost  always  differ,  to  greater  or 
lesser  degree,  from  the  spectral  characteristics  of  the  average  of  the  individual  sig¬ 
nals.  Significant  errors  stem  mainly  from  either  of  two  situations:  (1)  the  polarity 
of  one  or  more  ol'  the  individual  signals  is  inverted  from  the  remainder;  and  (2) 
significant  amplitude  differences  exist  between  adjacent  inputs  to  the  TDM. 
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1  jjt.  4-6.  Rower  averaging  of  random  signab  by  commutation  (time  division  multiplexing). 
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Relative  inversion  of  signal  polarities  resulting  from  orientation  of  the  trans¬ 
ducers  can  be  removed  either  by  physical  relocation  or  by  electrical  means. 
When  relative  Inversion  or  large  amplitude  differences  exist  because  of  resonant 
response,  modification  of  control  or  averaging  methods  may  be  required. 

The  potential  errors  in  the  use  of  the  TDM  fall  into  the  following  categories 
with  differing  Implications  regarding  test  quulity: 

1.  The  synthesized  signal  is  not  the  average  (absolute  or  power)  of  the  indi¬ 
vidual  signals,  creating  overtest  or  undertost. 

2.  The  vibration  control  systein  reacts  erroneously  to  a  correctly  synthesized 
average  signal,  creating  overtest  or  undertest. 

3.  Independent  analysis  of  the  synthesized  signal  for  test  condition  documen¬ 
tation  is  incorrect,  indicating  overtest  or  undertest  even  though  test  performance 
was  correct. 

4.  Independent  analysis  of  the  synthesized  signal  is  incorrect  to  the  same 
degree  as  the  control  system  and  thus  validates  an  erroneous  test. 

It  will  be  seen  that  it  is  easy  to  commit  each  category  of  error. 

Since  the  adverse  effects  differ  for  sinusoidal,  coni!  'ex,  and  random  wuve- 
forms,  they  are  discussed  separately  below. 

Sinusoidal  Waveforms.  For  the  simple  unfiltered  sinusoidal  test,  no  unusual 
precautions  are  needed.  However,  if  fundamental  control  ic  attempted  witli  rela¬ 
tive  input  polarities  reversed  (or  significant  relative  amplitude  differences)  and 
using  insufficient  TDM  dwell  times,  very  large  errors  in  control  level  will  occur. 

For  fundamental  control  a  tracking  filter  is  used  to  remove  the  unwanted 
distortion  from  the  accelerometer  signals.  However,  the  output  of  the  TDM 
contains  distortion  products  (sidebands)  due  to  step  changes  In  the  signal  level 
when  the  TDM  switches  from  one  input  to  the  next.  The  effect  on  the  control 
signal  is  most  pronounced  when  adjacent  channels  of  the  TDM  have  opposite 
phase  or  large  variations  in  amplitude.  These  sidebands  must  be  passed  by  the 
filter  if  a  reasonably  accurate  absolute  average  of  the  fundamental  components 
of  the  control  signals  is  to  be  obtained.  The  obvious  solution  to  the  problem  is 
to  increase  both  the  TDM  dwell  time  T  (by  using  the  random  mode)  and  the 
filter  passband  B  so  that  the  relative  distortion  resulting  from  TDM  switching  is 
reduced  and  most  of  the  desired  sidebands  are  contained  within  B.  Unfortunate 
ly,  as  will  be  noted  later,  servo  time  constant  and  test  sweep  rate  considerations 
Impose  severe  constraints  on  the  maximum  permissible  T. 

Usher  [87]  shows  that  for  the  extreme  case,  where  alternate  1DM  channels 
are  180°  out  of  phase,  the  BT  product  must  be  10.6  or  more  for  about  80- 
percent  accuracy.  It  should  be  noted  that  the  Inaccuracy  will  result  in  overtest 
because  the  output  of  the  tracking  filter  will  always  be  less  than  it  shouid  be. 

When  T  is  increased  the  servo  time  constant  must  also  be  increased  to  avoid 
“hunting"  due  to  amplitude  variations  at  switching  ami  consequent  modulation 
of  the  input  to  the  power  amplifier.  The  modulation  will  occur  at  low  frequen¬ 
cies  caused  by  relatively  large  T.  To  reduce  this  effect,  the  servo  time  constant 
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must  be  made  large  compared  to  T.  However,  an  upper  limit  is  imposed  on  the 
servo  time  constant  because  the  servo  response  must  be  fast  enough  to  correct 
unwanted  test  amplitude  variations  with  sweep  frequency,  Adjustment  of  the 
servo  time  constant  required  to  limit  modulation  to  an  acceptably  low  VBlue 
depends  on  the  specific  equipment  being  used,  Usher  provides  an  example  (using 
u  20-Hz  filter)  where  a  time  constant  of  27.3  sec  is  required  to  limit  the  modula¬ 
tion  to  5  percent  where  the  control  signal  Is  derived  from  multiplexing  two 
channels  (one  at  zero  amplitude)  with  a  Tof  0.084  sec.  This  Is  an  obvious  worst 
case,  but  It  does  illustrate  graphically  the  difficulty  of  test  performance  In  this 
mode 

It  should  be  noted  that  the  foregoing  problems  can  be  eliminated  by  the  use 
of  multiple  tracking  filters.  Each  control  transducer  signal  can  then  be  filtered 
and  the  filter  outputs  connected  to  TDM  input  channels. 

Complex  Waveforms.  For  complex  Waveform  tests,  if  multiple  filtering  and 
control  of  individual  frequency  components  are  attempted,  the  factors  described 
above  are  applicable  (with  obvious  complications  in  selection  of  dwell  time, 
filter  bandwldths,  and  servo  detection  times).  If  the  broadband  output  of  the 
TDM  is  used  for  test  control  with  inverted  input  polarities,  control  quality  is  not 
likely  to  be  degraded.  However,  subsequent  analysis  of  the  recorded  control 
signal  to  define  spectral  last  levels  may  indicate  spectacular  errors  at  some  fre¬ 
quencies.  The  degree  of  indicated  error  will  depend  upon  the  TDM  dwell  time, 
analysis  filter  bandwidth,  and  the  relative  spacing  of  the  input  frequencies  com¬ 
prising  the  excitation  waveform,  if  relative  signal  polarities  were  not  correct  (or 
are  unknown)  for  the  test,  it  is  recommended  that  definition  of  control  levels  be 
based  on  the  analysis  of  individual  control  transducer  signals  and  calculation  of 
their  spectral  averages. 

Random  Waveforms.  As  was  noted  in  Section  2.2  under  “Random  Test  Level 
Control,”  random  waveforms  must  be  power-averaged  by  deriving  a  signal  whose 
spectral  density  Is  equal  to  the  average  of  the  spectral  densities  of  the  ‘ndividual 
signals.  Figures  4-6  and  4-7  illustrate  schematically  two  means  by  which  such  a 
signul  can  be  synthesized. 

Decorrelation  Method.  The  method  shown  in  Fig.  4-7  result?  in  delaying  each 
signal  with  respect  to  the  other  signals  so  that  they  are  decorrelated. 

Sinct  the  signals  originate  from  a  common  noise  source,  they  arc  normally 
well  correlated.  The  spectral  density  of  the  sum  of  independent  or  uneorrH  .ted 
random  signals  is  equal  to  the  sum  of  the  spectral  densities  of  the  individual 
signals.  Thus,  the  desired  power  average  signal  is  obtained  by  mixing  the  success¬ 
ively  delayed  signals  nnd  dividing  by  the  square  root  of  the  number  of  signals. 
Ihe  schematic  diagram  of  Fig.  4-7  may  be  readily  implemented  by  recording  and 
reproducing  the  individual  signals  (except  the  first)  on  a  magnetic  tape  .  .corder 
to  achieve  the  desired  delay  time.  For  a  large  number  of  signals,  .,ds  may  strain 
the  available  recording  capacity  since  the  additional  tape  recorder  channels  (re¬ 
cord  and  reproduce )  required  for  n  transducer  channels  is 
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Additional  channels  =  1 


(4-1) 


This  equation  assumes  that  a  recording  of  the  power  average  signal  Is  required 
us  well  ar  l he  normal  requirement  lor  recording  the  Individual  signals,  The  dcluy 
time  between  the  recorded  and  reproduced  signals  occurs  by  reason  of  the  time 
required  lor  the  tape  to  travel  frum  the  record  to  the  reproduce  heads,  It  Is 
therefore  a  function  of  the  physical  design  of  the  particular  tape  recorder  and 
the  tupe  speed  selected,  A  commonly  available  recorder  provides  a  200-msec 
delay  ut  a  15-lps  tape  speed. 

Conflicting  desires  entnr  Into  selection  of  the  appropriate  time  delay.  The 
decorrelation  of  the  signals  Is  improved  as  the  time  delay  increases.  On  the  other 
hand,  us  the  time  delay  and  the  number  of  channels  Increase,  the  potential  time 
for  the  vibration  control  system  lo  sense  a  change  In  level  also  Increases.  This 
problem  is  primarily  of  importance  during  the  process  of  initial  equalization  ami 
coining  up  to  full  test  level  and  can  be  minimized  by  changing  the  master  guln 


Fig.  4-7  Power  uvuruging  of  runduin  signuls  by  time  delay 
(decorrelutlei:  methud). 


control  and  the  equalizer  settings  somewhat  more  slowly  than  usual  to  allow  for 
the  “sluggishness”  of  the  system. 

The  time  dcluy  required  to  uehievc  adequate  decorrelation  is  not  easy  lo 
determine  analytically  since  the  error  in  spectral  density  of  the  power  average 
signal  is  u  function  of  (I)  the  number  of  signals,  (2)  the  center  frequency  of  the 
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measurement,  (.1)  the  bandwidth  of  the  measurement,  and  (4)  the  relative  magni¬ 
tudes  of  the  individual  signals.  For  a  given  time  delay,  the  error  is  smaller  as 
items  1  through  4  increase,  or  conversely,  larger  time  delays  are  required  us  they 
decrease.  Clearly  the  low-frequency  end  of  the  test  spectrum  is  governing  since 
items  2, 3,  and  generally  4  will  be  minimum  at  this  point. 

The  results  of  an  emplrlcul  evaluation  of  the  adequacy  of  the  tape  delay 
method  are  shown  In  Figs.  4-8  and  4-‘J,  The  data  were  obtained  during  identical 
random  vibration  tests  of  five  missiles  in  which  two  accelerometer  signals  were 
power-averaged  by  using  a  tape  delay  of  200  msecs,  The  spectrul  density  values 
were  obtained  using  a  10-perecnt  bandwidth  analysis  system  [  1  ]  and  30-sec  data 
sample  lengths,  he..  30-sec  Integration  times.  It  is  important  to  note  that,  except 
for  the  200-ntscc  delay,  the  same  30-sec  sumple  of  each  signal  was  used  in  each 
case.  The  three  curves  of  Fig.  4-8  represent  the  maximum,  mean,  and  minimum 
values,  in  each  analysis  bandwidth',  of  the  ratio  of  the  spectral  density  of  the 
power-averuged  signal  to  the  mean  of  the  spectral  densities  of  the  two  signals 
from  which  It  was  formed,  i.e.,  the  true  power  average.  The  three  curves  of  Fig. 
4-9  represent  the  maximum,  mean,  and  minimum  values  in  each  analysis  band¬ 
width  of  the  ratio  of  the  spectral  densities  of  the  two  individual  signals,  Illustrat¬ 
ing  thut  the  curves  of  Fig.  4-8  were  obtained  over  u  wide  range  of  relative 
magnitudes.  Except  for  the  first  five  bandwidths,  from  19.6  to  34.7  Hz,  the 
curves  of  Fig.  4-8  lndlcutc  the  adequacy  of  the  200-msec  delay.  The  200-msec 
time  delay  represents  delays  of  4,  5,  and  6  cycles  in  the  first,  third,  and  fifth 
channels,  and  delays  of  4-1/2,  5-1/2,  und  6-1/2  cycles  in  the  second,  fourth,  and 
sixth  cycles,  respectively,  The  effects  of  reinforcing  and  canceling  In  the  odd  and 
even  channels  respectively  due  to  inadequate  time  delay  are  evident. 

The  two  curves  of  Fig.  4-10  arc  of  the  same  rutio  as  those  of  Fig.  4-8  using 
the  data  from  one  of  the  live  tests,  One  curve  used  a  200-insec  delay  as  before, 
the  second  used  a  400-msec  delay.  The  improvement  with  longer  delay  is  evi¬ 
dent.  Since  random  vibration  equalizer/anulyzer  filters  in  this  frequency  range 
employ  a  bundwidth  of  at  least  10  Hz,  rather  than  the  2-  to  4-Hz  bandwidth  in 
Figs.  4-8  through  4-10,  it  appears  that  200  msec  is  generally  adequate  for  power 
averaging.  If  greater  delay  is  desired,  either  of  two  approaches  cun  be  used: 

1.  If  one  of  the  newer,  wideband  FM  tupe  recorders  Is  available,  the  tape 
speed  may  be  reduced  to  7,5  ips  while  maintaining  the  response  to  2500  Hz.  See 
Fig.  4-11. 

2.  If  only  the  older  type  recorder  is  available,  the  double  delay  method 
diagrammed  in  Fig.  4-12  may  be  used.  It  is  the  less  desirable  alternative  because 
two  additional  tape  trucks,  which  might  otherwise  be  used  for  data  acquisition, 
must  be  committed  to  test  control. 

Commutation  Method.  The  second  averaging  method  is  shown  in  Fig.  4-6, 
where  the  individual  transducer  signals  are  commutated  ut  an  appropriate  switch¬ 
ing  rate  so  that  the  power-uve raged  signal  consists  of  a  series  of  time  segments  of 
tire  signuls  from  each  transducer.  Each  segment  typically  contains  several  cycles 
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lig.  411.  I  imuiiUHKMHis  iivviuglnc  ul'  raiulom  signal*.  lupe  doluy  method. 


of  llic  lowest  frequency  of  the  spectrum.  I;ig.  4- 1 .?  is  a  photogiaph  of  the  output 
of  the  column  tutor  (TDM).  (One  channel  with  /.cm  signal  Input  was  used  for 
illustrative  purposes  only.  Actual  use  with  a  zero  signal  would  bias  the  thooieti- 
cul  level  by  a  factor  of  (n  -  I  )ln  for  n  Input  channels.) 

I’erfornuince  of  this  type  of  power  averaging  is  shown  in  Fig.  4-14.  which  is  a 
plot  of  the  ratio  of  the  true  power  average  of  four  acceleionteier  signals  to  tiro 
spec Irul  density  of  the  averager  output  signal,  using  ID-percent  bandwidth  analy¬ 
sis,  The  Ion i  signals  were  the  same  as  those  used  for  Fig.  2-4.  thus  indicating  the 
range  of  the  signuls  which  were  averaged.  It  can  also  be  observed  that  sinusoidal 
waves  do  not  aveiage  on  a  mean  square  basis  as  shown  In  the  bandwidth  strad¬ 
dling  DO  llz.  A  power  signal  synthesized  in  this  manner  Is  actually  a  notistuliuii- 
ury  signal  even  though  each  segment  is  stationary.  However,  if  the  uveruging  time 
of  the  control  system  to  which  it  is  applied  Is  sufficiently  long  to  average  over 
one  or  more  scuns  of  the  commutator,  the  control  system  will  react  as  if  a 
stationary  signal  with  the  properties  of  the  required  powei -averaged  signal  had 
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I'lg.  4-12.  Instantaneous  averaging  of  random  signals,  tape  delay  method 
(400-msec  delay  at  15-ips  tupo  speed). 


been  applied.  There  are  two  basic  constraints  on  the  application  of  this  tech¬ 
nique  to  random  signals.  First,  if  the  sampling  dwell  time  Is  made  too  small,  (lie 
spectral  density  of  the  output  deviates  from  the  averugc  uf  the  input  spectral 
densities.  The  degree  of  deviation  is  inversely  proportional  to  tltc  minimum 
bandwidth  of  peaks  and  notches  in  the  spectral  densities  of  the  inpul  signals. 
Second,  if  the  dwell  time  approaches  the  averaging  times  of  the  analyzer  chan¬ 
nels,  control  instability,  or  "wow,"  results.  See  Refs.  87  und  88  for  details. 

A  practical  ,t>proach  to  the  problem  is  to  determine  experimentally  the  dwell 
time  which  yields  marginal  control  stability  and  then  to  reduce  it  by  10  to  20 
percent  for  test  control.  Some  early  commercial  versions  of  the  device  do  not 
provide  sufficient  dwell  adjustment  range  for  the  above,  It  is  recommended  that 
they  be  modified  to  permit  settings  somewhat  greater  than  100  msec. 
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Fig.  4-13.  Typical  time  dlvlilun  multiplexer  (uvemger)  output  signal  with  three  nonzero 
Input*  utid  one  zero  input. 


The  use  of  the  TDM  for  averaging  poses  potential  problems  lit  the  per* 
formance  of  any  type  of  random  vibrution  test  If  the  Inputs  have  relative  In¬ 
verted  polarities  or  widely  differing  amplitudes.  The  only  effective  remedial 
action  possible  is  to  correct  the  polarity  inversion  or  to  use  the  alternate  tape 
delay  method  described  above.  With  inverted  inputs  either  of  two  types  of  errors 
can  occur:  (1)  notches  present  in  the  Inputs  fall  to  appear  in  the  output,  or  (2) 
peaks  in  the  inputs  are  reduced  in  amplitude  and  spread  over  a  wider  bandwidth 
in  the  output.  On  the  basis  of  limited  empirical  tests  these  effects  appear  to  be 
pronounced  at  lower  frequencies:  hosvever,  it  is  suspected  that  the  effects  can 
occur  at  any  frequency  within  the  normal  test  range.  Varying  the  TDM  dwell 
time  T  has  no  perceptible  effect  on  the  first  type  of  error  but,  with  increasing  T, 
the  degree  of  frequency  spreading  Is  reduced  somewhat  for  peaks,  Figures  4- 1 5 
through  4-17  Illustrate  a  typical  notch  error,  they  urc  10-percent  bandwidth 
analyses  of  actuul  tost  duta  where,  because  of  test  fixture  configuration,  one  pair 
of  control  accelerometers  wus  physically  oriented  180°  opposed  to  tire  other 
pair.  The  immutable  operation  of  one  of  Murphy’s  laws  also  contrived  alternate 
connections  of  one  of  each  pair  to  TDM  input  channels  1  tlnough  4.  Figure  4-15 
shows  plots  of  the  analysis  of  the  TDM  output  and  tire  computed  average  of  the 
four  Input  spectra  (the  latter  arc  plotted  in  Fig.  4-16).  Test  control  was,  of 
course,  based  on  the  TDM  output  signal  and  resulted  in  almost  5-dB  undertest  in 
the  equalizing  channel  centered  at  about  36  Hz  (which  wus  approximately  the 
resonant  frequency  of  an  Isolation-mounted  element  of  the  test  item).  As  u  final 
cheek,  the  taped  individual  signals  were  played  back  Into  the  TDM  with  alternate 
channels  reinverted  and  the  TDM  output  analyzed.  The  result  Is  plotted  lit  Fig. 
4-17  along  with  the  computed  average  of  the  four  input  spectra. 
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|:K  4-15.  TDM  output  and  computed  avenge  of  four  inputs  (adjacent  channel  polarities  opposed). 
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Fig.  4-16.  Four  TDM  inputs  of  F  ig.  4-15. 
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Relative  amplitude  differences  between  adjacent  channels  (without  revet sed 
signal  polarities)  also  cause  test  errors,  These  criors  are  not  extreme  but  the 
problem  should  be  recognized,  since  they  are  systematic,  they  occur  with  only 
moderately  lurge  amplitude  differences,  and  there  is  no  obvious  means  for  their 
cor-actlon  during  testing.  The  effect  of  error  In  the  TDM  output  is  to  cause  an 
increase  in  spectru!  content  ut  lower  frequencies  followed  by  a  gradual  rolloff 
with  increasing  frequency.  The  effect  is  Illustrated  In  Fig.  4-18  which  shows 
plots  of  TDM  output  and  the  computed  average  of  four  Inputs  (the  latter  arc 
shown  In  Fig.  4- 10).  The  alternate  Inputs  differed  by  a  factor  of  100  in  spectral 
density  and  the  output  error  ranged  from  about  +  1  dB  near  33  Hz  to  nearly  -3 
dB  ut  2b50  Hz.  A  dwell  time  of  100  msec  (normal  for  random)  was  used; 
however,  varying  it  between  50  and  200  msec  had  no  significant  effect  on  the 
results.  Figures  4-20  and  4-21  similarly  show  tlte  effect  for  inputs  differing  by  a 
factor  of  ten.  The  approximate  output  error  ranged  from  +0.0  dB  ut  44  Hz  to 
-1.5  dB  at  2050  Hz.  The  plot  of  Fig.  4-22,  which  shows  analyses  of  the  TDM 
output  for  four  Identical,  nearly  Hat  inputs  and  the  computed  average  of  the 
inputs,  demonstrates  dial  the  TDM  has  no  inherent  roll-off  effect. 

Test  Item  and  Facility  Protection 

In  the  performance  of  vibration  tests,  it  is  always  necessary  to  provide  protec¬ 
tion  against  inadvertent  overstressing  of  the  test  object  and  faults  in  the  vibra¬ 
tion  equipment  Both  forms  of  protection  arc  required  since  a  fault  in  the 
facility  may  cause  test  item  damage  and  the  test  item  may  be  overtested  without 
exceeding  facility  performance  limits.  The  adverse  consequences  of  test  item 
damage  are  obvious,  the  effects  of  facility  damage  itt  terms  of  costs  and  test 
delays  are  also  an  important  factor. 

Overstiessing  of  the  tost  object  due  to  control  factors  can  occur  as  a  result  of 
any  of  the  following: 

1 .  Instrumentation  error;  e.g.,  use  of  incorrect  accelerometer  sensitivity. 

2.  Operator  error,  either  in  manual  control  or  in  use  of  automatic  control 
equipment. 

3.  Failure  of  automatic  control  equipment. 

4.  Loss  of  signal  due  to  failure  anywhere  in  the  control  transducer  system. 

The  Instrumentation  error  factor  can  be  minimized  by  perfonninj  >  inde¬ 
pendent  sensitivity  irlnvk  of  all  control  accelerometers  prior  to  test  h>  ..so  of  ail 
optical  wedge  (Fig.  4-5)  to  measure  displacement  while  applying  sinusoidal  vibr  a¬ 
tion  at  a  known  frequency  |H0| .  It  is  convenient  to  use  0. 1  -in.  peak-to-peuk 
motion  which  yields  I,  3,  and  10  g's  at  14.0,  24.2.  and  44.2  Hz,  respectively. 
Tlte  technique  is  particularly  valuable  where  the  check  can  be  made  at  a  fairly 
high  level  before  installing  lire  test  Item.  However,  even  when  the  check  must  he 
made  ut  a  low  level,  gross  errors  cun  he  detected. 
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Fig.  4-18.  TDM  output  and  computed  average  of  four  inputs  (adjacent  inputs  differing  by  a 
factor  of  100  in  power.  20  dB). 
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To  prevent  damage  from  the  other  potential  faults,  a  combination  of  three 
basic  techniques  is  recommended,  particularly  when  the  lest  item  value  is  high. 

1.  Use  of  an  acceleration  threshold  limiting  device,  or  G-limitcr  |R‘)| ,  The 
threshold  is  adjustable  to  a  predetermined  level  and  the  device  shorts  the  input 
to  remove  final  stage  power  from  the  power  amplifier  whenever  the  control 
signal  exceeds  the  preset  level. 

2.  Use  of  a  device  (the  “no-signal"  detector)  which  monitors  the  control 
signal  and  performs  the  same  protective  functions  when  loss  of  signal  Is  detected. 

3.  Use  of  a  manual  abort  switch  by  the  test  engineer  or  other  person  able  to 
detect  abnormalities  by  visual  and/or  aural  monitoring  of  test  performance.  The 
same  protective  functions  can  be  initiated  by  the  abort  switch. 

The  electronic  power  amplifiers  used  to  drive  today’s  vibration  exciters  usu¬ 
ally  have  Incorporated  In  their  design  devices  which  sense  over-  and  undcrvolt- 
ages,  excess  currents,  overtemperatures,  coolant  How,  etc.,  and  shut  down  opera¬ 
tions  to  prevont  or  limit  internal  damage  when  abnormul  conditions  are 
detected.  Must  of  the  i'uults  so  protected  against  do  not  constitute  a  threat  to 
the  lest  article.  However,  because  of  Its  required  largo  power  handling  eupaclty, 
the  output  stuge  docs  have  a  potential  for  serious  damage  to  both  the  vibrator 
armature  and  test  object.  l:or  example,  the  occurrence  of  a  short  between  the 
grid  and  plate  of  an  output  tube  could  impress  upon  the  armature  an  extreme 
accelerating  force,  resulting  In  catastrophic  velocity  and  displacement.  This 
could  occur  despite  operation  of  ovcrcurrent  relays  and  removal  of  power 
because  of  the  large  amount  of  energy  stored  In  the  filter  of  the  high  voltuge 
supply,  brum  the  early  days  of  random  vibration  testing,  before  this  potential 
war.  recognized,  one  of  the  authors  has  an  all-too-vivid  memory  of  un  occurrence 
of  just  such  u  fault  which  left  an  armature  dangling  by  one  flexure  in  midair 
above  the  shaker  case.  It  has  become  common  practice  to  use  what  is  called  an 
armature  protector  to  guard  against  potentially  catastrophic  faults  [40],  The 
devices  rely  on  the  very  fast  operation  of  gas  switching  tubes  (thyratrons  or 
ignitrons,  popularly  called  crowbar  tubes  for  this  use)  which  usually  perform 
two  functions;  (1)  shorting  the  high  voltage  supply  to  ground  to  remove  the 
drive  energy  source  ami  (2)  shorting  the  input  windings  of  the  output  tiuns- 
fortner  to  provide  elcelrodynumio  braking  of  the  armuturo  from  the  back-emf 
generated  by  It  as  it  moves  through  the  shaker  magnetic  field.  The  triggering 
function  may  he  derived  by  sensing  excessive  velocity,  acceleration,  return  cur¬ 
rent,  or  displacement,  although  (lie  luttcr  is  of  doubtful  value  since  its  occur¬ 
rence  usually  will  be  too  late  In  the  chain  of  events  to  permit  effective  remedial 
action. 

The  need  for  use  of  armature  protection  unfortunately  creates  another  prob¬ 
lem  with  respect  to  the  safely  of  the  test  article.  Operation  of  the  device  may 
result  in  overstressing  of  the  test  object.  This  problem  can  be  alleviated  by  the 
application  of  an  clectiodynamie  braking  technique  described  by  Cook  |‘)|j . 
tiowever,  the  potential  problem  reinforces  the  need  lor  the  test  item  protective 
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techniques  described  earlier,  in  order  to  prevent  externully  imposed  conditions 
which  might  trigger  the  armature  protector. 

lest  item  protective  techniques.  If  applied  properly,  must  complicate  and 
thus  increase  test  costs,  This  foilows  from  the  need  for  some  form  of  confidence 
check  of  satisfactory  performance  of  each  function  just  prior  to  test;  otherwise, 
one  may  be  relying  on  nonexistent  protection.  For  this  reuson,  the  requirement 
for  und  the  degree  of  protection  should  be  evaluated  curofully  with  respect  to 
the  value  of  the  test  item. 

Equipment  Calibration  and  Alignment 

Regardless  of  all  other  precautions  taken,  test  performance  can  be  no  better 
than  the  quality  of  the  Instrumentation  used.  Standard  monitoring  equipment 
such  as  voltmeters,  counters,  etc.,  arc  usuuily  subject  to  periodic  calibration  and 
certification  checks:  use  uf  suclt  equipment  beyond  the  calibration  period  should 
be  avoided.  Transducer  calibration  requires  specialized  equipment  and  tech¬ 
niques  nol  available  in  many  test  laboratories  (7l),‘)2-‘)5] ,  Gross  changes  In 
sensitivity  between  calibration  and  tesi  use  will  be  detected  If  the  optical  check 
recommended  in  the  previous  section  has  been  made.  Alignment  instructions 
should  be  followed  carefully  for  specialized  equipment  such  as  tracking  fillers 
und  random  vibration  equullzer/analyzor  systems. 


CHAPTER  5 

TEST  PERFORMANCE  AND  CONTROL 


With  the  exception  of  un  Introductory  section  on  control  techniques  und 
equipment  functions,  the  materlul  In  this  chupter  Is  arranged  by  types  of  tests. 
The  reuder  Is  referred  to  Chupter  4  for  test  performance  considerations  which 
arc  generally  applicable  to  all  tests, 

S.l  Programming  and  Control 
Control  Techniques 

Selection  of  un  uppioprlutc  method  for  programming  and  control  of  vibration 
levels  f'--  any  given  test  will  depend  upon  a  combination  of  factors,  examples  of 
which  u  : 

1 .  ’>  ne  simulation  requirements  discussed  lu  previous  chapters. 

2.  The  purpose  of  the  test. 

3.  Number  of  control  transducers  required  (often,  but  not  always,  a  function 
of  test  object  size). 

4.  Data  requirements.  For  example,  for  a  simple  resonance  search  or  trails- 
misslblllly  measurement,  precision  of  control  may  be  less  Important  than  dutu 
accuracy. 

5.  Availability  of  control  equipment.  Probably  more  compromises  of  choice 
stem  from  this  than  any  other  factor. 

The  technique  chosen  may  range  from  simple  manual  control  bused  on  a 
single  transducer  to  complex  automatic  control  based  on  multiple  transducers 
and  the  use  of  signal  selection  or  averaging.  Detailed  factors  to  be  considered  in 
the  selection  of  methods  of  control  for  various  forms  of  vibration  und  combina¬ 
tions  of  equipment  are  presented  in  later  sections  of  this  chapter  dealing  with 
each  form  of  test. 

Basic  Equipment  Functions 

For  any  form  of  vibration  test,  there  muy  be  defined  three  basic  categories  of 
equipment  functions  external  to,  and  used  to  control,  the  power  amplifior-shuker 
combination  (see  Fig.  5-1 ).  They  are 

1.  Control  (A).  This  Includes  monitoring  functions  and  gain  controls  (both 
manual  und  automatic)  as  well  us  the  excitation  source. 

2.  Control  signal  generation  (B).  Included  are  transducers  and  the  connected 
equipment  required  to  convert  their  output  signuls  to  a  form  compatible  with 
the  control  equipment. 
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l'l#-  5-1.  Basic  categories  of  equipment  functions  used  lor 
tost  control. 
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3.  Control  signal  conditioning  (C).  This  category  includes  functions  such  as 
signal  selection,  averaging,  filtering,  and  level  programming. 

In  the  discussion  of  specific  forms  of  tests  in  following  sections  there  will  be 
found  repeated  references  to  servo  time  constants.  For  the  reuder  who  may  be 
unfamiliar  with  servo  (automutic  control)  equipment,  a  brief  explanation  Is  In 
order.  In  a  servo,  the  vibration  excitation  signul  Is  fed  through  a  variublo-guin 
amplifier.  The  amplifier  gain  Is  controlled  by  an  error  signal  which  Is  generated 
by  comparing  the  detected  and  smoothed  control  (feedback)  signul  to  an  adjusta¬ 
ble  dc  reference  voltage,  The  rupldlty  with  which  the  servo  cun  respond  to,  and 
correct  for,  changes  In  the  control  signal  is  determined  by  the  servo  time 
constant.  Tills  is  a  composite  of  time  delays  in  the  system,  but  the  chief 
contributor  is  the  detector  averaging  circuit,  Both  munttul  and  automutic  changes 
In  servo  rate  arc  effected  by  vurylng  the  detector  time  constant.  There  urc  major 
differences  between  servo  functions  for  sinusoidal  und  random  tosting. 

1.  Sinusoidal.  The  manual  servo  rate  adjustment  (usually  designated  us  a  im¬ 
pression  aim'd )  Is  an  operutor  control  but  the  detector  averaging  time  also  Is 
varied  automatically  us  u  function  of  frequency  while  sweeping. 

2.  Rundom.  Both  servo  rate-determining  und  detector  averaging  times  arc 
fixed  for  cuch  frequency  channel.  The  “high"  and  “low"  damping  modes,  with 
which  some  readers  may  be  familiar,  affect  only  the  readout  meters  und  not  the 
feedback  signals. 

5.2  Sinusuidnl  Tests 

The  material  In  tills  section  is  restricted  to  what  Is  commonly  called  the 
simple  sinusoidal  vibration  test  (which  often  turns  out  to  be  not  nearly  as  simple 
as  we  would  like),  with  the  cxeilution  derived  from  a  single  oscillator.  It  is 
convenient  to  identify  three  general  types:  ( 1 )  swept,  (2)  resonance  search,  und 
(3)  dwell.  A  distinction  is  made  between  the  first  two  because  equipment  and 
techniques  used  can  differ  widely. 

Swept 

Modern  practice  revolves  around  the  use  of  cycling  oscillators,  electronic 
servo-controllers,  and  other  automatic  programming  equipment.  However,  it  is 
wonii  noting  tliut  even  the  most  complicated  test  can  be  performed  by  substi¬ 
tuting  operator  skill  t'oi  one  or  more  of  these  functions  und  breaking  up  the  lest 
into  partial  sweeps  more  amenable  to  manual  control.  The  major  virtue  of  the 
use  of  automatic  equipment  lies  In  reduced  test  time  and  the  nominal  capacity 
for  precision  of  control  and  replication  of  test  parameters  from  sweep  to  sweep. 
The  term  nominal  is  used  advisedly,  since  the  potential  advantages  of  such 
equipment  are  not  dways  realized  in  practice. 

Tite  swept  sine  (esi  may  take  uny  of  several  forms.  These  range  front  constant 
acceleration  vs  frequency  io  complex  schedules  of  displacement,  velocity,  and 
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acceleration  vs  frequency,  liach  may  be  complicated  further  by  a  requlremenl 
for  filtering  the  feedback  signal  |‘>6|  in  order  to  control  the  level  of  the 
fundamental  where  resonances  creutc  distortion;  by  requiring  that  control  be 
bused  upon  the  alternative  selection  of  une  of  several  transducer  signals,  depend¬ 
ing  upon  tlteir  relative  amplitudes;  or  by  requiring  tltc  use  of  the  averuged  output 
of  severui  transducers  us  the  control  signal. 

Swept,  Unflltered.  The  simplest  form  requires  only  maintenance  of  constant 
acceleration  vs  frequency.  If  servocontrol  is  used  (Fig.  5-2).  the  servo  time 
constant  adjustment  must  be  compatible  with  sweep  rate  selection  (refer  to 
pp.  57-60  for  selection  criteria).  Tire  optimum  time  constant  cannot  be 
edetermined  since  it  will  depend  on  both  sweep  rate  and  the  response  charac¬ 
teristics  of  the  test  muss  and  the  vibration  system,  it  should  be  noted  that  the 
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Mg.  5-2.  Functional  diagram  for  swept  sinusoidal  lust,  untutored. 
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required  time  constant  is  an  inversi  function  of  sweep  rate  and  sharpness  of 
resonances  encountered,  and  that  the  performance  characteristics  of  the  avail- 
aide  servo  system  may  require  a  compromise  of  sweep  rate  selection  (pp. 
57-60). 

Below  some  relatively  low  frequency,  it  Is  often  necessary  to  make  transition 
of  control  from  constant  acceptation  to  constant  displacement.  This  is,  of 
course,  a  form  of  level  programming  but  is  not  treated  as  a  category  C  function 
because  for  many  years  sine  scrvocontrol  systems  have  provided  a  built-in 
capability  for  performing  the  function.  It  is  commonly  achieved  by  using  a  dc 
analog  of  frequency  to  switch  control  from  the  acceleration  signal  to  a  displace¬ 
ment  signal.  The  latter  is  usually  derived  through  double  integration  of  the 
acceleration  signal  but  may,  in  most  serve,,  be  generated  alternatively  by  single 
integration  of  the  output  of  a  velocity  transducer,  in  some  latei  servos,  control 
switching  is  effected  by  use  of  a  signal  comparator  which  transfers  control  to  the 
larger  of  the  two  signals. 

Swept,  Filtered.  The  functional  diagram  for  this  test  Is  shown  In  Fig.  5-3. 
The  introduction  of  the  tracking  filter  Into  the  feedback  loop  complicates  the 
selection  of  sweep  rate  and  servo  time  constant.  This  is  because  there  is  a  delay 
between  the  time  of  change  of  input  signal  amplitude  and  the  time  the  filter 
output  responds  to  tire  change.  Tire  amount  of  delay  is  an  Inverse  function  of 
filler  bandwidth.  Since  tills  Is  an  added  delay  in  the  servo  feedback  loop,  for  a 
given  sweep  rate  and  filter  bandwidth  there  is  a  limited  permissible  range  of 
adjustment  for  the  servo  time  constant  which  will  result  In  good  test  perform¬ 
ance.  Ideally,  the  process  of  defining  test  requirements  would  take  account  of 
this  factor.  Since  this  requires  a  fairly  detailed  knowledge  of  the  characteristics 
of  tire  actual  equipment  to  be  used,  it  is  rarely  possible  to  do  more  than 
provide  some  latitude  in  test  requirements  which  will  permit  effecting  reason¬ 
able  solutions  to  the  inevitable  problems  that  will  arise.  The  problems  can  be 
minimised,  however,  by  specifying  tire  lowest  sweep  rate  and  widest  filler 
bandwidth  compatible  with  test  objectives  and  cost  limitations. 

Level  Programming.  This  refers  to  (he  fairly  common  practice  of  specifying  a 
sweep  where,  at  intermediate  frequency  points,  a  change  in  vibration  amplitude 
is  required.  Various  combinations  of  displacement  and  acceleration  vs  frequency 
may  be  specified;  rarely,  there  may  be  a  requirement  for  control  of  velocity,  in 
the  latter  case,  it  is  usually  necessary  to  perform  the  sweep  piecewise,  since 
automatic  equipment  to  effect  tire  required  control  transition  does  not  appear  to 
be  available  eominerically.  Where  tire  required  transitions  are  limited  to  displace¬ 
ment  and  acceleration,  it  is  occasionally  necessary  to  break  up  the  sweep  Into 
combinations  of  displacement  followed  by  sequential  acceleration  level  changes 
because  many  available  servo-controllers  can  handle  only  a  displacement  sched¬ 
ule  followed  by  acceleration  schedules.  A  typieul  curve  defining  vibration 
amplitude  as  a  function  of  frequency  is  depicted  in  Fig.  54. 
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I'ig.  5-4.  Typical  test  requirements,  swept  sinusoidal 
With  level  programming. 


The  application  of  level  programming  is  shown  sehcinutleully  In  Fig.  5-5  for 
an  unflltereti  sweep  and  in  Fig.  5*(i  fur  a  filtered  sweep.  The  level  programmer  Is 
a  device  which  contains  several  swltehablc  channels,  the  gains  of  which  can  be 
varied.  The  frequency  at  which  switching  occurs  Is  set  by  adjusting  a  de 
threshold  voltage  In  each  channel  to  correspond  to  the  dc  analog  of  the 
frequency  at  which,  each  level  transition  is  desired.  There  is  commercial  equip¬ 
ment  available  which  -Hows  tire  switching  frequencies  to  be  preprogrammed 
with  a  conductive  ink  chart  on  a  curve  follower. 

Fur  unfiltered  luw-levcl  sweeps,  there  may  be  a  problem  of  spurious  triggering 
of  the  G-limiter  due  to  channel  switching  transients,  which  in  some  level 
programmers  arc  uncomfortably  high.  However,  judicious  low-pass  filtering  of 
tire  G-lliniter  input  minimizes  the  problem.  For  filtered  sweeps,  an  additional 
constraint  is  imposed  on  the  selection  of  sweep  rate,  servo  time  constant,  and 
filter  bandwidth.  The  degree  of  constraint  depends  on  the  magnitude  of  level 
change,  the  direction  of  change  und  switching  speed,  and  their  impact  on  the 
performance  of  the  specific  tracking  filter  and  sevo  combination  used.  Hence, 
lids  factor  cun  only  be  noted  us  a  potential  problem  requiring  cmpincul  solution 
during  test  performance. 

Signal  Selection.  The  application  of  signal  selection  is  diagrammed  in  Fig.  5-T 
for  the  unfiltered  sweep.  Most  commercial  versions  of  the  signal  selector  contain 
a  combination  of  switching  logic  and  adjustable  threshold  levels  in  each  chunncl 
which  cause  transfer  of  control  to  whichever  acceleration  signal  lias,  ut  tire 
moment,  risen  to  the  preset  level  for  Its  channel.  A  few  such  devices  also  provide 
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lig.  5-1.  lime  I  Iona!  diagram  for  swept  sinusoidal  test,  unentered, 

with  lev , •!  programming. 
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|-ii;.  5-b.  I  uiietlunul  diagram  lor  wept  sinusoidal  test,  flltorcd, 
with  level  programming. 


rr-.sr  pi-ri-ormanck  and  control 


149 


tin  alternative  operating  mode  in  which  channel  selection  Is  based  upon  mini¬ 
mum  rathei  than  maximum  signal  levels.  This  is  necessary  in  order  to  meet  one 
of  the  requirements  of  MIL-STD-8 1UU,  Method  514,  l’ara.  5.4.  Switching  tran¬ 
sients  may  cause  spurious  triggering  of  the  G-llmltcr  but,  here  again,  the  problem 
can  be  minimized  by  adequate  low-pass  filtering  of  its  Input,  However,  if  selector 
switching  is  not  synchronized  well  enough  to  limit  the  duration  of  signal 
dropouts  to  a  value  somewhat  less  than  the  loss-of-signal  detector  (NSD)  aver¬ 
aging  delay  or  tire  servo  time  constant  (whichever  is  smaller),  either  the  test  will 
be  aborted  by  the  NSD  or  control  instability  will  result. 

For  the  filtered  sweep  with  signal  selection  (F'lg.  5-8),  in  addition  to  the 
potential  problems  cited  above,  the  sweep  rutc/filter  bandwidth  limitations 
discussed  on  p.  143  must  be  considered. 

Averaging.  A  schematic  representation  of  test  control  employing  averaging  is 
shown  In  Fig,  5-7  for  an  unflltered  sweep,  liarlv  versions  of  the  averager  required 
detection  of  each  acceleration  signal  before  averaging  In  order  to  avoid  phase 
cancellation  effects.  Such  devices  could  be  used  only  for  very  slow  sweeps 
because  of  the  time  required  for  the  detection  process.  The  present-day  averager 
avoids  this  problem  by  commutating  the  acceleration  signals  and  averaging  the 
resulting  composite  output  consisting  of  sequential  time  samples  of  each  signal. 
For  the  unflltered  sweep,  the  rate  of  commutation  of  the  signal  Is  synchronized 
witli  Hie  sweep  frequency  so  that  each  successive  sample  contains  an  equal 
number  of  periods  (usually  one).  Thus,  regardless  of  relative  signal  amplitudes 
and  phase,  tiro  delected  and  smoothed  output  is  proportional  to  the  true  average 

1871. 

When  this  technique  is  applied  to  tire  filtered  sweep  (Fig.  5-8),  operational 
compromises  are  required  due  to  the  effects  of  filter  bandwidth  and  commuta¬ 
tion  dwell  time  on  servo  time  constant  optimization.  Sweep  rate  selection,  of 
course,  is  affected  also.  Limits  are  imposed  on  the  ratio  of  servo  time  constant  to 
dwell  time,  on  the  product  of  filter  bandwidth  and  dwell  lime,  and  on  the  sweep 
rate  which  may  be  used;  sec  Ref.  87  and  Section  4.3,  page  117  for  details. 
Some  latitude  in  sweep  rate  selection  can  be  gained  by  switching  filter 
bandwidth  and  time  constant  at  higher  frequencies,  but  equipment  setup  and 
operation  are  complicated  considerably.  If  accelerometer  polarities  arc  opposed, 
special  precautions  are  required  (see  Section  4.3,  page  126).  The  cited 
problems  can  be  avoided  largely  by  using  a  tracking  filter  in  each  signal 
channel  preceding  the  averager,  but  such  equipment  is  expensive  and  test  setup 
complexity  is  not  reduced  significantly. 

Level  Programming  with  Selection  or  Averaging.  Test  control  c aiploying  level 
programming  witli  signal  selection  or  averaging  is  diagrammed  in  Fig.  5-9  for  lire 
unflltered  sweep.  Lxccpl  for  increased  test  setup  complexity,  potential  problems 
remain  essentially  the  same  as  those  already  cited  for  application  of  (lie  individu¬ 
al  functions;  i.e..  possible  adverse  consequences  of  switching  transients. 
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For  tin;  filtered  sweep  with  level  programming  imd  signal  selection  (Fig. 
5-10).  (lie  increased  test  setup  complexity  becomes  a  significant  factor,  Fquip- 
ment  inlctuction  problems  are  about  the  same  .is  those  noted  before  lor  the 
individual  applications.  However,  for  the  littered  sweep  with  level  programming 
and  uvcruglng  (Fig.  5-10),  the  problems  of  selecting  sweep  rate,  servo  time 
eonstunt,  filter  bandwidth,  and  averager  dwell  time  are  compounded.  The 
interactions  between  averager,  tracking  filter,  level  programmer,  and  servo  are 
too  complex  to  be  predefined.  Since  It  Is  likely  to  be  extraordinarily  difficult  to 
perform,  the  decision  to  specify  tills  test  should  he  bused  upon  celt  leal  examlna* 
tlon  of  all  possible  alternatives. 

Resonance  Search 

As  has  been  noted  In  Section  3.2.  the  icsonance  search  test  Is  primarily  a 
preliminary  lo  the  performance  of  a  resonance  dwell  test  but  Is  commonly  used 
also  for  determining  trunsnilsslbllllles.  It  Is  convenient  lo  use  servoeonlrol  lo 
maintain  the  constant  acceleration  Input  to  the  lest  item  attachment  point 
chosen  as  u  reference.  The  usual  practice,  unfortunately,  is  to  employ  the 
unflltered  sweep  which  tnuy  often  yield  misleading  results.  First,  at  niuny 
resonances  them  Is  likely  to  be  considerable  harmonic  distortion  In  the  control 
slguul;  since  the  servo  will  operate  on  the  composite  signal,  the  Input  at  the 
control  frequency  may  he  considerably  lower  than  nominal.  Second,  a  resonance 
will  respond  differently  to  a  rapidly  varying  input  amplitude  at  the  excitation 
frequency  than  it  would  If  the  Input  were  kept  constant. ' Third,  If.  us  is  com¬ 
monly  the  case,  estimation  of  peak  responses  Is  based  on  reading  oscillographic 
traces,  a  resonunee  rnuy  be  defined  as  significant  at  some  frequency,  where  u 
major  portion  of  the  response  Is  at  some  multiple  ol  that  frequency.  T  lie 
response  when  the  sweep  touches  the  latter  frequency  is  likely  also  lo  he  defined 
as  significant.  Then  subsequent  performance  of  the  dwell  test  at  the  two 
frequencies  will  effectively  dwell  at  the  same  resonance  twice.  Consequently,  the 
use  of  the  filtered  sweep  (see  Fig.  5-3)  is  recommended  for  resonance  search 
testing.  Response  data  must  be  tape  recorded  for  subsequent  playback  through  a 
tracking  filter  for  the  generation  of  oscillographic  records  for  use  In  evaluating 
rcsonunt  responses.  Refer  to  the  discussion  on  p.  143  for  test  performance  factors 
to  be  considered. 

Occasionally  the  use  of  response  accelerometers  to  detect  resonances  must  be 
supplemented  by  another  technique  because  the  test  item  cannot  be  instm- 
mented  adequately.  If  the  structure  of  the  item  can  be  monitored  visually,  the 
stroboscope  is  useful  below  300  to  400  II/.,  Pinpointing  I  he  resonant  frequencies 
requires  disabling  l he  oselllaloi  sweep  drive  mid  manual  vernier  adjustment  of 
the  frequency  to  determine  the  point  of  maximum  response.  Slow-motiun 
strohseopie  photography  |76|  may  be  used  as  an  additional  diagnostic  tool. 
1  land-lusld  probes  are  sometimes  used  hut.  since  readings  obtained  are  variable 
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P'lg.  5-10.  Furtctlonul  diagram  fur  swept  sinusoidal  test,  filtered,  with  level 
programming  and  signal  selection  or  avemi'.ing. 
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ami  they  are  difficult  to  apply  without  loading  the  structure  under  examination, 
the  results  are  always  open  to  some  suspicion. 

As  liar;  been  noted  earlier,  in  the  measurement  of  Irunsmissibilitics,  precision 
of  control  of  the  inout  is  less  Important  than  data  accuracy.  Thus.  It  Is  not 
strictly  necessary  to  use  the  filtered  sweep  for  this  purpose  If  the  control  and 
response  data  urc.tecordcd  carefully  on  magnetic  tape,  However,  the  overall  time 
for  test  performance  uud  data  anulysls  can  be  reduced  If  a  filtered  sweep  Is  used, 
for  details  refer  to  Section  6.3. 

Resonance  Dwell 

.  The  performance  of  this  test  Is  relatively  straightforward.  Since  considerable 
dvvcli  .time  usually  Is  required  at  each  resonance,  it  is  desirable  to  use  scrvocoti* 
t ro I  to  Insure  maintenance  of  the  desired  input  level  regardless  of  attention  span 
deficiencies  of  the  operator.  The  decision  as  to  whether  the  control  signal  should 
bo  filtered  or  unllltc red  Is  easily  made;  if  filtering  is  used  in  llte  resonance  scinch, 
It  should  he  used  also  for  llte  dwell  test  and  vice  vetsu.  However,  the  effect  of 
filtering  can  he  upnioxiniuted  If  the  imfiltcred  Input  level  ha-  been  logged  during 
the  Mured  sweep  search  and  Is  duplicated  in  the  dwell  lest. 

During  the  dwell  Accumulated  fatigue  effects  or  the  loosening  of  structure 
may  cause  a  gradual  change  In  ihc  resonant  frequency.  This  factor  may  he  taken 
Into  uccoml  by  periodic  adjustment  of  the  frequency  to  maximize  the  response. 
Such  udju'tnicnt  nuty  lie  effected  manually;  us  at:  alternative,  commercial 
equipment  is  available  which  tracks  the  resonant  frequei  ■.  automatically. 

5.3  Sinusoidal  and  Random  Tests 

These  lost  requirements  were  first  evolved  before  tl.c  development  of  llte 
trucking  111  to '  a. id  llte  autviuatic  equalizer.  Consequently,  early  tesi  techniques 
involved  separate  preliminary  tesis  for  sinusoidal  and  landoni  motion  uml  the  use 
of  a  two-track  magnetic  tape  toeord.'r  and  electronic  mixer  for  programming  the 
actual  lest.  Wim  the  jdvenl  of  hacking  filters  ami  automatic  equalizers,  test 
perfurmani.e  became  simpler  and  much  less  lime  consuming. 

Tupc  Programming 

This  method  requires  a  three-step  procedure  lilt  tinned  schematically  in  l-'ig. 
5-1 1.  Using  servo  control  uud  Ihc  specified  sweep  rate,  a  preliminary  sweep  Is 
nm  while  recording  on  magnetic  tape  tire  resulting  modified  input  to  Ihc  powci 
amplifier,  A  separate  preliminary  test  is  then  performed  to  equalize  for  the 
random  portion;  when  satisfactory  results  arc  achieved .  the  equalized  input  to 
the  power  amplifier  is  recorded  on  a  second  track  of  the  tape  recorder  for  the 
required  lest  duration  (paralleling  the  previously  recorded  sine  sweep),  for  the 
actual  test,  the  tupe  recordings  are  played  hack  through  a  mixer  Into  the  power 


TEST  PERFORMANCE  AND  CONTROL 


155 


(•> 


(h) 


(c) 


Fig.  5-1 1 .  Sinusoidal  plus  random  tost,  tape  programming  method:  (u)  prerecording 
canalized  sine  sweep  cxcitutlon,  (b)  prerecording  equalized  rundom  excitation,  and 
(v)  test  performance, 


amplifier.  Scpuruto  gain  controls  ure  us;d  in  euch  mixer  channel  to  permit 
adjustment  of  the  relative  levels  of  the  sine  and  random  outputs, 

There  are  two  major  disadvantages  to  this  test  procedure.  First,  in  order  to 
uvoid  pretest  dumage  to  the  test  item,  it  is  desirable  to  perform  the  preliminary 
tests  using  u  second  test  Item  or  a  very  good  dynamic  model,  so  thut  equalizing 
may  be  done  at  actual  test  lovels.  However,  the  mechanical  fit  of  the  test  item 
and  fixture  will  usually  vary  enough  from  model  to  model  (bccuuse  of  tolerances 
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and  variation  in  fastener  torquing)so  that  the  test  mass  response  in  an  actual  test 
will  differ  from  that  obtained  during  preliminary  tests.  If  the  second  test  item  Is 
not  available,  preliminary  equalizing  must  be  done  at  a  reduced  level.  The  actual 
test  levels  are  then  also  likely  to  vary  unpredlctubiy  from  those  desired,  The 
degree  of  uncertainty  depends  upon  how  nonlinear  the  tost  mass  is.  Second,  the 
procedure  Is  time  consuming  and  requires  uncommon  expertise  on  the  part  of 
the  operator. 

It  Is  possible  to  program  the  sinusoidal  level  and  to  use  averaging  for  both 
sinusoidal  and  random.  The  three-step  procedure  is  shown  schematically  In  Fig. 
5-12.  The  constraints  noted  In  Section  5.2  are  applicable, 

Tracking  Filter  Method 

The  trucking  filter  used  for  the  ainusoldul-rundom  lest  provides  two  outputs, 
One  is  the  normal  narrowbund  filtered  output  which  Is  used  us  the  feedback 
signal  to  the  servo,  The  second  output  is  derived  from  circuitry  which  provides 
narrowband  rejection  at  the  sinusoidal  frequency;  it  Is  used  as  the  feedback 
signal  to  the  random  equalizer.  Fig,  5-13  diagrams  this  test  setup.  It  Is  desirable 
to  use  a  llltcr  as  narrow  as  possible  and  a  correspondingly  long  sweep  time  to 
Insure  sinusoidal  control  at  the  required  level.  This  results  from  the  fact  that 
scrvoconlrol  Is  based  upon  u  composite  In  the  filler  output  of  the  sinusoidal 
signal  plus  the  random  signal  passed  by  the  tiller.  As  filter  bandwidth  and 
undcslrcd  random  signal  increase,  servo  action  reduces  the  sinusoidul  amplitude, 
resulting  in  a  degree  of  undertest  I'm  the  sinusoidal  portion.  The  effect  may  be 
compensated  fot  by  artificially  increasing  the  sinusoidal  control  level,  but 
explaining  the  resulting  test  data  records  is  a  particularly  frustrating  task. 

Level  programming  may  be  applied  to  the  sinusoidal  portion  and  averaging 
may  be  applied  to  both,  providing  that  the  precautions  in  Section  4.3  (pp.  1 16- 
131)  are  observed.  Fig.  5-14  illustrates  this  schematically.  A  constraint  is  added 
to  tltose  cited  in  Section  5.2  (p.  143)  if  averaging  is  used  because  optimum 
sampling  dwell  time  considerations  urc  different  for  sinusoidal  and  random 
signals.  Sec  Ref.  87  for  further  information. 

5.4  Random  Vibration  Tests 
Random  Vibration  Averaging 

Where  the  control  of  a  random  vibration  test  is  to  be  based  on  the  average  of 
multiple  accelerometers,  two  methods  are  available.  The  signal  commutating,  or 
multiplexing,  device  or  the  magnetic  tape  delay  technique  discussed  in  Section 
4,3  (pp.  1 1 8-131)  may  be  used.  However,  if  the  former  is  used,  special  precau¬ 
tions  must  be  observed,  as  described  in  the  cited  section. 

Broadband  Random  Tests 

The  first  known  faltering  attempts  to  perform  random  vibration  tests  were 
made  in  1954,  Marly  programming  techniques  evolved  by  a  few  pioneering 
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Fig.  5-12.  Sinusoidal  plus  random  tcsi.  Program  tape  preparation  with  run- 
dom  and  sinusoirtul  averaging  and  sinusoidal  level  programming,  (u)  pre- 
recording  programmed  and  averaged  Jine  excitation,  (b)  prerecording  averaged 
and  equalized  random  excitation,  and  (c)  test  performance. 
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Fig.  5-13.  Functional  diagram  of  sinusoidal  plus  random  test,  tracking  filter  method, 
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laboratories  were  based  on  the  use  of  audio  equalizing  networks  and  hastily 
devised  peak  and  notch  filters.  Control  methods  ranged  from  simple  broadband 
monitoring  using  a  true  rrns  voltmeter  to  more  sophisticated  use  of  various  types 
of  wave  analyzers  to  permit  at  least  some  degree  of  control  of  the  shape  of  the 
test  spectrum.  The  usual  excitation  source  was  an  electronic  random  noise 
generator,  although  some  early  tests  were  based  on  the  use  of  magnetic  tapes  on 
which  were  recorded  actual  flight  test  data. 

Commercial  development  of  equipment  customized  to  the  task  of  random 
vibration  testing  led  to  stcudy  Improvement  of  the  art.  First  to  appear  were 
multiply  segmented,  adjustable  spectrum-shaping  networks,  and  peak  and 
notch  filters  with  a  fairly  wide  adjustment  range  for  both  Q  and  amplitude.  The 
user  was  still  loft  to  his  own  devices  for  test  control.  Next  to  appear  were  the 
manual  ‘‘equalizers"  which  consisted  of  matched  fixed-frequency  combination 
filter  arrays:  one,  which  had  Individual  gain  controls  in  cuch  channel,  was  used 
for  shaping  the  test  spectrum;  the  other  was  used  for  determining  the  test  level 
in  the  passband  corresponding  to  each  equalizing  channel.  These  devices  repre¬ 
sented  an  enormous  Improvement  over  earlier  methods  but  equalizing  was  still 
time  consuming  and  usually  left  the  customer  with  the  unhappy  conviction  thut 
test  Item  malfunctions  would  really  not  have  occurred  had  it  not  been  for  its 
pretest  exposure. 

The  development  of  the  "automatic  equalizer,"  In  which  each  ehunncl  Is 
servo-controlled  based  upon  feedback  from  the  corresponding  analyzer  channel, 
has  made  the  performance  of  random  vlbrutlon  tests  relatively  simple.  Figures 
5-15  ami  5-16.  respectively,  diagram  tests  with  single  accelerometer  control  and 
those  where  control  is  based  upon  the  averaged  output  of  multiple  aecclcrom- 
eters.  For  the  latter  case,  the  factors  discussed  on  pp.  118-131  must  be  con¬ 
sidered.  The  equalizing  system  must  compensate  for  the  electromechanical 
response  characteristics  of,  and  interactions  between,  the  elements  of  the  vibra¬ 
tion  system  and  the  test  muss.  Since  the  required  compensation  at  certain 
frequencies  may  often  exceed  the  nominal  40-dB  dynamic  range  of  un  equalizer 
in  the  automatic  mode,  there  is  usually  provided  In  each  channel  un  optional 
manual  mode  which  adds  about  10  dB  tu  its  dynamic  rungc.  The  automatic 
equalizer  also  has  a  closed-loop  operating  mode  which  permits  adjustment  of  the 
operating  point  of  ti .  servo  in  each  channel  prior  to  excitation  of  the  vibration 
system.  As  u  further  precaution  against  unnecessary  pretest  exposure  of  the  test 
item  to  vibration,  the  transition  from  closed-loop  mode  to  test  mode  Is  made 
about  20  dB  down  front  the  test  level,  following  which  the  test  level  may  be 
increased  as  rapidly  as  the  servo  time  constants  alrow  or  .as  slowly  as  desired.  It  is 
common  practice  to  increase  the  level  to  -10  dB  and  then  pause  long  enough  to 
readjust  servo  operating  points  before  proceeding  to  the  full  test  level  (where 
some  final  servo  adjustments  are  often  required). 

A  recent  development  for  broadband  random  testing  [97-99]  involves  the 
use  of  a  digital  system  for  excitation  and  spectrum  shaping.  The  excitation  signal 
is  pseudorandom  and  is  derived  from  a  binary  random  noise  generator;  analyses 
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Fig.  5-15.  Functional  diagram  for  broadband  random  test  with 
single  accelerometer  control. 


of  the  control  signal  and  spectrum  shaping  are  effected  through  use  of  a  special 
Fourier  processor  in  conjunction  with  a  small  general  purpose  computer. 

in  estimating  the  required  capacity  of  the  vibration  system  it  is  usually 
necessary  to  calculate  the  rms  g’s,  since  test  levels  are  ordinarily  specified  in 
terms  of  acceleration  spectral  density  (g3/Hz).  For  the  uniform  spectrum,  the 
calculation  is  simple;  i.e .,  it  is  the  square  root  of  the  product  of  spectral  density 
and  test  frequency  bandwidth.  However,  for  the  shaped  spectrum,  the  process  is 
a  bit  more  complicated  if  precision  Is  attempted  [100-102] .  A  useful  approxima¬ 
tion  can  be  achieved  by  breaking  up  the  sloped  portions  of  the  spectrum  into 
sufficiently  narrow  frequency  bands.  It  is  derived  by  estimating  the  average 
spectral  density  (PSD)  within  each  band,  taking  the  products  of  bandwidths  and 
corresponding  PSD’s,  summing  these  with  the  products  in  the  zero  slope  por- 
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Fig.  5-16.  Functional  diagram  for  broadband  random  test  with  averaging. 
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tiuns  of  the  spectrum,  and  taking  the  square  root  of  the  total.  Appendix  B 
contains  formulas  for  precise  calculations. 

Swept  or  Stepped  Narrowband  Random  Tests 

The  reader  Is  referred  back  to  Section  3.5  for  the  rationale  for  these  tests. 
Either  the  swept  or  stepped  versions  arc  usually  combined  with  broadband 
random  base  excitation  but  Its  presence  or  absence  does  not  affect  test  Imple¬ 
mentation  significantly.  If  the  test  Is  based  upon  equating  broadband  to  narrow- 
band  cumulative  fatigue  damage,  the  base  excitation  is  not  required. 

Swept  Narrowband  Random  Tests.  A  typical  test  method  is  diagrammed  In 
Fig.  5-17.  The  time  required  for  sweeping  the  filter  ueross  Its  frequency  range  Is 
an  inverse  function  of  filter  bandwidth;  as  the  bandwidth  is  decreased,  both 
filter  response  time  and  detection  time  Increase.  The  filter  bandwidth  and  sweep 
rate  are  constrained  also  by  test  item  response  characteristics.  The  bandwidth 
must  be  great  enough  and  the  sweep  rate  low  enough  to  permit  adequate 
excitation  of  each  test  Item  resonance.  These  problems  can  be  minimized  in 
practice  by  switching  progressively  to  wider  bandwidth  filters  as  the  test  fre¬ 
quency  range  is  traversed  upwards.  An  alternative  approach  Is  to  use  multiple 
tracking  filters,  with  each  one  covering  only  part  of  the  total  frequency  range. 
For  Information  on  other  methods  see  Refs.  59  and  60, 

If  multiple  control  accelerometers  arc  required,  the  methods  discussed  on 
pp.  118-131  may  bo  used.  However,  the  constraints  on  multiplexing  are 
magnified  due  to  filter  sweeping. 

Stepped  Narrowband  Random  Tests.  Many  of  the  difficulties  of  the  swept 
test  are  avoided  by  the  use  of  the  stepped  narrowband  random  method,  which  is 
diagrammed  in  Fig,  5-18.  Three  tracking  filters  with  dual-filter  band-switching 
arc  used  to  cover  the  frequency  range  of  20  to  2000  H/..  Each  of  the  six  filters 
covers  a  limited  frequency  range,  and  the  bandwidth  of  each  is  approximately  10 
percent  of  its  upper  range.  The  excitation  source  is  a  program  tape  upon  which 
arc  prerecorded  the  outputs  and  tuning  signals  of  the  tracking  fillers  (with  noise 
source  inputs)  as  they  are  stepped  and  band-switched  per  schedule,  During  test 
performance,  the  tracking  filters  are  connected  in  the  accelerometer  signal 
feedback  path  to  servoamplifiers  which  operate  on  the  corresponding  prere¬ 
corded  narrowband  sources,  Synchronized  stepping  and  bandswitching  is  ef¬ 
fected  by  using  the  prerecorded  tuning  signals  to  control  the  tracking  filters. 

Sweep  rate  Is  eliminated  as  a  factor  and,  because  the  dwell  time  for  each  step 
is  made  very  much  greater  than  filter  response  time,  the  lutter  becomes  negli¬ 
gible,  The  filter  bandwldths  chosen  to  cover  cacli  part  Of  the  test  frequency 
range  allow  for  adequate  excitation  of  all  test  item  resonances.  See  Ref.  61  for 
further  information. 

The  averaging  techniques  described  on  pp.  118-131  may  be  used  here  also  for 
multiple  accelerometer  control.  For  the  multiplexing  method,  additional  con¬ 
straints  due  to  filter  traverse  are  minimized  by  the  step  dwell  time. 
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Fig.  5-17.  Functional  diugrain  for  u  swept  nurrowbund  random  lent. 


S.S  Complex  Waveform  Tests 

In  these  tests  the  form  of  excitation  is  not  u  simple  sinusoidal  function,  but 
Its  time  history  is  repetitive,  or  nearly  so.  Examples  of  such  test  applications  ure 
described  in  the  following  paragraphs. 
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L'ig.  5-18.  Functional  diugruni  for  a  stepped  nurtowbund  rundom  test  with 
broudbunci  base  excitation. 
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Reaction-Impulse  Tests 

Reaction-impulse  tests  ate  performed  by  using  u  hybrid  reaction  type  of 
shaker  which  employs  articulated  eccentric  weights  (popularly  called  clangers)  to 
superpose  Impulse  loading  on  the  reaction  fundamental,  The  end  result  Is  a 
conglomerate  of  line  spectra  spread  over  a  fairly  wide  frequency  range.  The 
shaker  Is  designed  to  provide  an  Inexpensive  means  of  simulating  partially  the 
effects  of  random  vibration  and  is  used  primarily  for  proof-of-workntanshlp  tests 
[20,21], 

Tost  control  is  by  indirection.  The  machine  is  mechanically  adjusted  to  give 
the  desired  output  for  a  specific  semi-inert  load.  For  later  test  use,  the  load  is 
ballasted,  If  necessary,  to  the  total  mass  for  which  the  shaker  was  adjusted,  und 
the  test  is  run  (usually  uninstrumented)  for  the  desired  time.  The  equipment 
must  be  readjusted  periodically  to  maintain  the  required  output, 

Pulsed  Excitation  Tests 

Pulsed  excitation  is  Ideally  suited  to  laboratory  simulation  of  the  effects  of 
vibration  induced  by  rapid-fire  guns,  as  has  been  noted  on  pp,  99-102.  A  pulse 
train  generator  is  used  as  the  excitation  source  and  ils  output  is  fed  through  a 
standard  random  vibrution  equalizer  (Fig.  5-19).  The  latter  is  operated  in  the 
manual  mode  and  is  used  to  adjust  the  fundamental  and  harmonic  amplitudes 
resulting  from  the  pulse  train.  Equalizing  is  performed  with  random  noise  with 
the  target  spectral  shape  being  the  inverse  of  the  pulse-train  line  spectrum  rolloff  as 
modified  by  the  relative  harmonic  amplitudes  of  the  desired  test  spectrum,  If  the 
equalizer  Is  of  the  type  with  dual  noise  generators  feeding  alternate  niter 
channels,  an  external  noise  source  must  be  used.  This  is  necessary  to  provide  an 
equal  degree  of  correlation  between  signals  In  the  crossover  region  between 
adjacent  channels  for  equalizing  and  for  test  performance. 

Since  the  gun-firing  rate  usually  varies  above  and  below  nominal  due  to 
fluctuations  in  hydraulic  pressure  and  temperature,  the  ideal  approach  would  be 
to  swoop  the  pulse  repetition  frequency  (prf)  of  the  pulse  train  smoothly  across 
the  expected  range  of  gunfire  frequency.  However,  though  sweeping  can  be 
achieved  without  too  great  a  complication  of  test  performance,  the  resulting  task 
of  certifying  test  levels  (i.e.,  analyzing  the  control  dutu)  would  be  complicated 
enormously.  A  more  practical  approach  is  to  step  titc  pulse  train  prf  across  the 
range  of  firing-rate  uncertainty  N  times,  dwelling  at  each  prf  for  1/N  of  the  totul 
tost  time  per  axis.  The  number  of  steps  is  mude  large  enough  so  tliut  cxcitulion 
frequencies  will  be  no  more  than  1  to  1.5  dB  down  on  the  response  curve  for 
any  test  item  resonance  with  u  Q  of  20  or  less  withlp  the  frequency  range  of 
interest,  thus  minimizing  the  chance  of  omitting  damaging  prfs. 

In  the  case  of  airborne  equipment,  the  gunfire-induced  vibration  is  usually 
accompanied  by  random  excitation.  In  performing  the  test,  it  is  relatively  easy 
to  provide  the  latter.  Test  control  Is  based  upon  monitoring  the  control  signal 
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Mg.  5-19.  I'uiU'tlonul  diagram  for  pulsed  excitation  lost  with 
broudbund  random  bust;  excitation. 


and  adjusting  the  gain  to  maintain  the  desired  ruts  level.  If  control  is  based  on 
multiple  accelerometers,  the  multiplexing  method  can  be  used  for  averaging.  If 
the  control  accelerometers  are  not  physically  oriented  so  that  their  signal 
polarities  ure  identical,  the  precautions  of  Section  43  must  be  observed. 

5.6  Response-Limited  Tests 

For  some  test  structures  it  muy  be  desirable  to  modify-  the  input  in  order  to 
limit  the  maximum  response  ut  one  or  more  points  on  the  structure  1 1  ] .  The 
basic  test  methods  described  in  previous  sections  can  be  modified  to  achieve  this 
end. 
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Sinusoidal 

The  simplest  technique  for  limiting  the  response  for  sinusoidul  tests  is  to  use 
signal  selection  and  to  include  in  the  selector  Inputs  the  signals  from  the 
accelerometers  mounted  at  the  points  at  which  limiting  Is  desired.  It  is  also 
possible  to  combine  control  accelerometer  averaging  with  response  limiting.  The 
method  is  diagrammed  In  Fig.  5-20,  where  it  will  be  noted  that  the  output  of 
the  multiplexer  is  one  of  the  Inputs  to  the  signal  selector.  However,  in  the 
selector  chunncl  used  for  this  purpose,  the  detector  averaging  time  must  be  ut 
least  as  great  us  the  time  required  for  one  full  cycle  of  the  multiplexer.  If 
averaging  is  used,  the  servo  time  constant  also  should  be  no  less  than  the  cycle 
time,  or  instability  Is  likely  to  occur  whenever  the  averager  channel  Is  selected; 
the  maximum  sweep  rate  Is  limited  by  the  minimum  permissible  servo  time 
constant,  If  averaging  Is  not  used,  filtering  muy  be  employed  as  In  Fig.  5-8.  It  Is 
recommended  thut  averaging  und  lllterlng  be  avoided. 

Random  or  Pulsed  Excitation 

in  general,  response  limiting  for  random  or  pulsed  excitation  tests  can  be 
achieved  only  by  Iterative  excitation  of  the  teat  item.  After  eucli  iteration, 
recorded  ucceicromcter  outputs  are  analyzed  und  responses  compared  to  the 
Input(s)  to  determine  what  Input  modifications  are  required.  Iterations  are 
started  about  10  dli  down  from  the  test  level  to  minimize  pretest  stressing  of  (he 
test  object.  Averaging  can  be  applied  but  the  constraints  of  Section  4.3  on 
pp.  118-131  must  be  observed. 

The  obvious  disadvantage  to  this  technique  Is  the  wulting  time  between  Itera¬ 
tions  while  analysis,  comparisons,  and  Input  adjustment  calculations  are  taking 
place.  If  a  high-speed  dlgitul  analysis  system  is  available,  the  waiting  time  can  be 
reduced  to  acceptable  limits;  for  further  details  refer  to  page  196. 

5.7  Multiple  Shaker  Tests 

The  earliest  application  of  multiple-point  excitation  is  exemplified  by  the  use 
of  small  reaction  vibrators  for  structural  testing  of  complete  uircruft  prior  to 
World  War  II.  Multiple  excitation  over  a  relatively  wide  frequency  range  Is  a 
technique  thut  Iras  been  developed  in  recent  yeurs  with  the  advent  of  liigh- 
performunce  uircruft  und  lurge  space  vehicles.  Since  adequate  coverage  of  the 
topic  is  beyond  the  scope  of  tills  monograph,  only  a  few  general  observations  arc 
presented  below;  however,  Refs.  5  througii  16  contain  considerable  information 
regarding  techniques  und  problems  associated  with  multiple  excitation. 

The  busic  difficulties  arc  facility  costs  and  the  complex  problem  of  test 
level  control.  For  sinusoidal  testing,  for  example,  both  amplitude  and  relative 
phase  must  be  controlled  at  the  input  points.  For  random  tests,  the  contiol 
problem  is  reduced  somewhat  if  separate  excitation  sources  und  equalizers  are 
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Flu.  3-20.  Functional  diagram  Tot  linuioldul  test,  response-limited,  with  stgnul 
selection  between  response  and  uverugod  control  accelerometers. 


us*d,  but  the  equipment  cost  is  very  large.  In  cither  case,  any  significant  cross¬ 
coupling  between  excitation  points  can  complicate  enormously  the  problem  of 
maintaining  the  desired  test  level  at  each  point. 


CHAPTER  6 

ACQUISITION  AND  PROCESSING  OF  TEST  DATA 


it  may  be  generalized  that  the  sole  end  product  of  any  test  is  the  data  resulting 
from  the  test.  The  measurement  of  vibration  test  results  against  success  critertu 
must  be  based  upon  data  falling  into  two  basic  categories;  (1)  the  vibration  levels 
experienced  by  the  test  item  at  its  various  points  of  Interest  and  relations 
between  these,  and  (2)  the  performance  of  the  test  item.  In  the  latter  case, 
criteria  may  range  from  simple  physical  survival  to  complex  functional  require¬ 
ments.  The  material  In  this  chapter  is  restricted  to  the  recording,  processing,  and 
presentation  of  data  In  the  first  category.  The  basic  assumption  ts  made  that  the 
end  aim  with  respect  to  these  data  is  to  convert  them  to  the  form  or  forms  most 
suitable  to  the  task  of  evaluating  how  well  test  objectives  were  met. 

Workers  directly  Involved  in  vibration  test  performance  tend  to  regard  the 
trundling  of  vibration  test  data  us  a  procedure  consisting  of  acquisition  and 
analysis  (the  latter  term  being  applied  to  the  entire  process  of  converting  the  raw 
data  to  Its  final  form  of  presentation).  However,  as  a  concession  to  the  dynum- 
lcist,  who  reserves  the  term  analysis  for  the  cerebral  processes  upplied  to  the  end 
result  of  data  processing  or  duta  reduction  by  the  test  laboratory,  the  basic  data 
functions  covered  here  are  defined  as  acquisition,  processing,  and  presentation. 

A  very  complete  discussion  of  the  acquisition,  processing,  und  presentation  of 
vibration  datu  would  go  far  beyond  the  needs  of  this  monogruph,  and  the  reuder 
should  refer  to  Refs,  25,  32,  33,  56,  and  103,  for  example,  for  more  detailed 
discussions.  Tho  discussion  herein  will  be  confined  to  that  necessary  for  un 
understanding  of  the  requirements  for  acquiring,  processing,  and  presenting  data 
from  laboratory  vibration  tests.  These  requirements  arc  much  less  stringent  tliun 
those  for  the  acquisition  and  processing  of  datu  from  field  measurements  for  two 
basic  reasons;  First,  the  vibration  levels  are  generally  cither  known  or  eaii  be 
accurately  estimated  before  test.  Second,  the  statistical  characteristics  of  tho 
data  are  known,  i.e.,  sinusoidal,  complex  or  rundom,  Gaussian,  stationary,  etc., 
so  that  simplified  procedures  for  editing  and  processing  can  be  employed. 

6.1  Data  Acquisition 

In  the  sense  used  here,  acquisition  Is  a  combination  of  signal  conditioning  und 
recording  functions.  Conditioning  is  defined  as  the  modification  applied  to 
analog  signals  to  convert  them  to  a  form  that  can  be  recorded  and  translated 
correctly  into  engineering  units  for  the  parameters  represented.  Recording  may 
be  done  on  magnetic  or  oscillographic  media  or  it  cun  be  as  simple  as  meter 
reuding  and  hand  logging  of  the  readings  by  un  operator.  It  is  obvious  thui  the 
utility  of  the  recorded  data  cun  be  impaired  seriously  by  errors  in  conditioning. 
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The  value  of  the  recorded  data  depends  also  u~>on  the  ability  to  correlate  it 
with  specified  test  levels  and  test  item  performance  phenomena.  Aside  from  the 
obvious  requirement  to  annotate  records  witii  information  such  as  vibration  axis, 
transducer  location  and  orientation,  sensitivity,  scale  factor,  etc.,  means  should 
be  provided  fur  relating  tire  data  to  time  or  frequency. 

Signal  Conditioning  Factors 

T\vo  assumptions  arc  made  with  respect  to  the  control  and  monitoring 
instrumentation:  (!)  that  the  transducers  have  been  calibrated  properly  and  (2) 
that  the  required  corresponding  sensitivity  settings  have  been  made  correctly  for 
each  transducer  amplifier.  The  resulting  signals  (for  accelerometers)  will  usually 
have  a  sensitivity  of  10  mV/g.  If  oscillographic  recording  is  required,  power 
amplification  is  necessary  to  provide  sufficient  current  to  drive  the  galva- 
nomelers  and  to  match  their  impedance.  If  magnetic  tape  recording  is  required, 
voltage  amplification  is  usually  necessary  to  obtain  a  satisfactory  signal-to-nolsc 
ratio  for  later  data  processing. 

Much  of  (he  signal  conditioning  equipment  developed  In  recent  years  in¬ 
cludes,  In  addition  to  a  fixed  10  mV/g  (often  called  the  svrw)  output  and  a 
meter  indicating  the  g  level,  the  current  and  voltage  amplification  channels 
required  for  recording  applications.  Each  of  the  latter  two  has  a  gain  control 
permitting  adjustment  of  the  analog  sensitivity  of  the  recordings.  However,  on 
most  such  instruments  there  is  a  meter  range  switch  which  also  affects  the 
amplitudes  of  the  recorder  outputs. 

Oscillographic  Recording 

In  (he  early  years  of  vibration  testing,  direct  readout  recorders  could  be  used 
only  lor  low-frequency  data  (to  about  200  Hz).  To  capture  higher  frequency 
data  it  was  necessary  to  use  recorders  writing  on  photographic  paper,  which 
required  later  darkroom  development  and  drying  before  the  records  could  be 
read.  Considerable  skill  and  a  measure  of  luck  were  prerequisites  to  obtaining 
complete  and  readable  data;  the  delay  between  test  performance  and  analysis 
was  frustrating  and  often  costly. 

With  the  advent,  in  the  early  I950’s,  of  the  direct  readout  oscillograph  with 
considerable  latitude  in  light  beam  intensity,  realtime  recording  of  vibiation  rest 
data  became  a  fairly  routine  operation.  Unfortunately,  the  relative  simplicity  of 
the  technique  makes  it  as  easy  to  misapply  as  to  use  correctly.  A  wide  range  of 
jpilvanometer  types  is  available  with  different  drive  current,  impedance,  and 
nominal  frequency  response  characteristics.  The  latter  two  are  interdependent  in 
the  sense  that  the  nominal  frequency  response  is  obtained  only  if  the  drive 
amplifier  matches  the  galvanometer  impedance.  It  is  obvious  then  that  the 
galvanometer  anti  drive  amplifier  ideally  should  be  matched  to  the  job;  l.e.,  they 
should  be  selected  on  the  basis  of  data  frequency  response  :.*quirements.  In 
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practice,  the  current  amplifier  channel  of  the  usual  signal  conditioner  has  a  fixed 
output  impedance  which  may  or  may  not  match  the  requirement  for  the 
galvanometer  used.  Therefore  an  Impedance  matching  device  should  be  in¬ 
serted  between  the  current  amplifier  and  galvanometer.  The  device  may  consist 
of  a  simple  passive  impedance  transforming  network  or  an  isolation  amplifier 
designed  for  the  purpose;  the  latter  is  preferable  since  it  assures  sufficient 
galvanometer  drive  without  signal  limiting  due  to  saturation  of  the  current 
amplifier. 

As  has  been  noted  earlier,  the  value  of  the  data  is  impaired  if  the  user  cannot 
relate  the  records  to  time  and  frequency.  This  Information  can  be  approximated 
by  operator  annotation  of  the  record  with  chart  paper  speed  initially,  and  sweep 
frequency  (for  sinusoidal  test)  often  enough  to  allow  later  interpolation.  The 
better  method  is  to  record  frequency  coding  on  a  channel  of  the  oscillogruph. 
Commercial  equipment  Is  available  for  this  purpose;  essentially  it  is  a  counter 
with  serial  output  of  four  ten-step  dc  staircase  voltages,  with  each  staircase 
representing  a  decimal  digit  from  0  to  9,  Thus,  frequencies  from  0  to  9999  Hz 
can  be  coded  and  recorded.  If  an  IR1G  time  standard  or  generator  Is  available 
with  an  1R1G  C  (“slow  code")  output,  coded  time  can  also  be  recorded 
automatically  on  the  oscillograph.  Many  oscillographs  make  internal  provision 
for  placing  1-sec  or  0.1 -sec  timing  lines  on  the  record.  Fig.  6-1  shows  a  sample 
record  with  both  frequency  and  time  codes. 


l-'Jg.  6.1.  Sample  oscillographic  record  with  Irequency  and  time  coding. 
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Magnetic  Tope  Recording 

There  arc  three  basic  techniques  used  for  tape-recording  vibration  data: 
direct,  frequency  modulation  (FM)  and  frequency  division  multiplexing  (an 
extension  of  FM).  With  the  first  technique,  the  analog  signul  is  recorded  directly 
on  tape  with  format  unchanged.  For  a  given  tape  speed  the  high-frequency 
response  is  considerably  greater  than  for  the  other  two,  however,  low-frequency 
is  degraded  below  50  to  100  Hz.  and  flatness  of  response  depends  upon  the 
precision  with  which  record  and  reproduce  equalizing  is  applied.  In  FM  record¬ 
ing,  the  amount  of  carrier  frequency  deviation  is  proportional  to  signal  ampli¬ 
tude  and  the  rate  of  deviation  is  determined  by  the  frequency  content  of  the 
signal.  Frequency  response  is  reasonably  fiat  from  zero  (dc)  to  an  upper 
frequency  which  depends  on  tape  speed,  carrier  frequency,  and  the  aignul-to- 
noise  rutio  (S/N)  that  can  be  tolerated.  Table  6-1  illustrates  the  relationship  of 
these  parameters  for  various  1RIG  standard  recording  systems. 

In  frequency  division  multiplex  recording,  each  signal  to  be  recorded  on  a 
tape  track  is  fed  to  a  separate  voltage-controlled  oscillator  (VCO).  Each  VCO  has 
a  different  zero-signal  frequency  which  is  deviated  (frequency  modulated)  by  its 
input  signal.  Tire  modulated  curriers  are  then  mixed  and  direct  recorded  on  tape. 
Special  demultiplexing  equipment  is  required  to  separate  and  recover  the  indi¬ 
vidual  data  signals  for  processing.  The  number  of  channels  that  can  be  recorded 
on  a  track  is  a  complex  function  of  recorder  characteristics,  tape  speed,  duta 
bandwidth  per  channel,  permissible  noise  level,  etc.  The  technique  was  derived 
from  a  method  originally  developed  for  telemetering  flight  test  data  to  ground 
stations;  consequently,  much  of  the  information  In  the  literature  (e.g..  Ref.  104) 
cannot  be  applied  easily  to  the  task  of  recording  laboratory  test  data.  However, 
the  technique  has  been  applied  to  the  airborne  recording  of  captive  flight 
environmental  data.  Two  such  cases  noted  below  for  captive  missile  flight  give  a 
partial  indication  of  the  amount  of  data  that  can  be  recorded  on  a  single  tape 
track. 

1 .  Seven  channels  of  data  with  nominal  frequency  responses  of  500  Hz  in 
four  channels  and  2000  Hz  in  three  channels  (Ref.  105). 

2.  Five  channels  of  data  with  nominal  frequency  responses  of  300  Hz  in  two 
channels.  500  Hz  in  one  channel,  und  2000  Hz  in  two  channels  (Ref.  106). 

Given  an  extended  bandwidth  recorder  and  reasonable  core  in  applying  the 
technique,  it  is  possible  to  place  8  to  10  data  channels  of  2000-Hz  bandwidth  on 
one  tape  track.  The  basic  limiting  factor  is  noise  in  the  higher  frequency  carrier 
channel  outputs.  For  constant  data  bandwidth,  the  maximum  carrier  deviation  is 
the  same  for  each  channel;  thus,  with  increasing  carrier  frequency,  the  percent¬ 
age  of  deviation  and  the  demultiplexing  discriminator  full-scale  output  become 
progressively  smaller,  so  tha'  relative  noise  in  the  discriminator  oulputs  becomes 
progressively  huger. 

The  maximum  signal  amplitudes  that  can  be  handled  in  direct  recording  vary 
widely,  depending  on  the  individual  recorder  and  electronics.  In  general.it  may 
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Tabic  6-1.  FM  Record/Reproduce  Frequency  Response  vs 
Tape  Speed  (TRIG  Standard) 
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be  assumed  that  much  larger  signals  are  possible  in  the  direct  mode  as  compared 
to  the  FM  mode.  For  the  FM  recorder,  maximum  signal  amplitudes  are  limited 
by  the  modulation  technique  rather  than  by  the  characteristics  of  the  head 
configuration  and  recording  media.  Normally,  the  maximum  frequency  deviation 
of  ±40  percent  is  equivalent  to  a  maximum  signal  excursion  of  about  ±1.4  V.  If 
these  limits  arc  exceeded,  discriminator  operation  becomes  nonlinear  and  un¬ 
predictable  errors  will  be  introduced  into  the  processed  data. 

Regardless  of  the  recording  mode  used,  the  acquisition  protess  should  include 
the  following  basic  stops: 

1.  in  a  tape  log  sheet  should  be  entered  information  sufficiently  detailed  so 
that  the  data  on  each  track  can  be  identified  unambiguously  for  later  processing. 
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certain  types  of  general  information  (e.g.,  test  item,  test  axis,  date,  time  of  duy, 
etc.,)  are  often  voice-annotated  on  one  of  the  tape  tracks.  There  ure  advantages 
to  this  which  must  be  weighed  against  the  loss  of  vibration  data  recording 
capacity. 

2,  Shortly  before  the  test  is  started,  a  reference,  or  calibration,  signal  should 
be  recorded  on  each  data  channel.  These  signals  must  be  related  to  the  system 
analog  sensitivity  oi  each  instrumentation  channel.  As  a  typical  example,  a 
sinusoidal  signal  of  1 .0  V  rms  might  represent  10.0  vector  g's. 

3.  After  start  of  test,  if  range  switching  is  required  because  of  unexpectedly 
high  or  low  signals  In  one  or  more  data  channels,  the  direction,  amount,  and 
time  of  change  must  be  entered  in  the  log  unless  some  scheme  for  automatic 
range  coding  Is  being  used.  The  latter  Is  available  as  an  option  with  some  signal 
conditioning  equipment.  It  should  be  noted,  however,  that  part  of  the  dynamic 
range  is  lost  thereby. 

Tire  Importance  of  these  steps  cannot  be  overemphasized  since  the  validity  of 
all  subsequent  data  processing  will  depend  upon  the  accuracy  of  the  reference 
signals  and  pertinent  notations  on  the  tape  log. 

To  minimize  test  support  costs,  It  Is  common  practice  to  reuse  magnetic  tape 
after  data  processing  is  completed.  In  theory  the  tape  recorder  either  provides 
for  erasure  prior  to  recording  (direct)  or  erases  as  it  records  (FM); however,  the 
process  often  leavs  a  vestigial  imprint  of  the  prior  record  which  shows  up  as 
unwanted  noise  in  the  new  record.  For  this  reason  it  is  recommended  that  bulk 
degaussing  be  applied  to  tapes  before  reuse;  the  required  equipment  is  com¬ 
mercially  available  and  relatively  Inexpensive, 

The  fidelity  with  which  the  data  arc  recorded  and  later  translated  back  into 
meaningful  forms  during  processing  also  depends  on  (1)  the  care  used  In 
alignment  of  record  and  reproduce  electronics,  (2)  proper  alignment  of  the  tape 
transport  and  heads,  (3)  cleanliness  of  record  and  reproduce  heads  and  (4)  the 
quality  of  the  tape.  The  first  factor  applies  to  each  use  of  the  recorder  und  the 
next  two  are  preventive  maintenance  factors.  Tire  last  factor  places  a  limit  on 
tape  reuse;  further  definition  is  impossible  since  it  depends  on  original  tape 
quality,  tape  handling  und  storage,  the  specific  rccorder(s)  on  which  it  is  used, 
and  the  quulity  of  preventive  maintenance. 

Tite  separation  and  identification  of  test  phenomena  during  data  processing 
are  simplified  greatly  if  a  time  code  data  channel  h  is  been  recorded;  the  1R1G  B 
code  is  ideally  suited  for  the  purpose.  It  should  be  recorded  directly,  if  possible, 
to  allow  use  of  tape  search  and  control  equipment.  There  are  other  supplemen¬ 
tal  data  which  must  be  recorded  on  tape  to  reduce  costs  or  increase  the  scope 
of  data  processing.  In  the  following  paragraphs,  these  additional  requirements 
are  described  lor  particular  types  of  tests. 

1.  Sinusoidal  tests.  As  a  general  rule,  the  sweep  oscillator  output  should 
always  be  recorded  on  one  data  channel  of  each  tape.  It  will  be  needed  for 
measuring  relative  phase  and  for  tuning  the  tracking  fUter(s)  for  transmissibility 
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measurement.  If  a  filtered  sweep  is  used,  recording  the  output  of  the  tracking 
filter  will  reduce  the  complexity  and  cost  of  transmissibili ty  measurements 
because  only  one  Tracking  filter  is  then  needed  for  data  processing.  If  signal 
selection  is  used,  a  code  identifying  the  controlling  channel  should  be  recorded  if 
available, 

2.  Swept  or  stepped  narrowband  random  tests.  There  will  be  one  or  more 
tuning  or  control  signals  which  must  be  recorded  for  later  use  in  data  processing. 

3.  Pulsed  excitation  tests.  As  will  be  seen  in  Section  6.3  (page  186), 
processing  the  data  from  these  tests  is  greatly  simplified  if  two  added  informa¬ 
tion  channels  are  recorded:  the  pulse  train  source  and  a  code  identifying  the  prf. 

6.2  Data  Preprocessing  and  Editing 

Data  preprocessing  and  editing  are  those  procedures  used  to  modify  and 
select,  icspectlvely,  the  analog  data  signals  recorded  during  test  prior  to  the  data 
processing  procedures  which  transform  the  analog  signals  in  some  other  form. 

Preprocessing  procedures  are  applicable  primarily  to  tape-recorded  data  but 
may  be  applied  (sumetimes  inadvertently)  to  oscillographic  records.  For 
example,  if  data  above  some  frequency,  say  1000  Hz,  are  not  required  for  test 
evaluation,  low-pass  filters  might  be  inserted  in  the  inputs  to  the  oscillograph. 
The  resulting  records  ure  easier  to  read  with  the  unneeded  frequency  content 
remuved.  A  similar  effect  can  be  achieved  by  the  use  of  galvanometers  that  have 
limited  response  characteristics,  but  frequency  rolloff  will  be  much  more 
gradual.  If  the  signal  amplitude  at  the  test  excitution  frequency  is  to  be  directly 
readable  (without  Fourier  analysis),  narrowband  filtering  must  be  applied 
before  oscillographic  recording.  It  is  likely  to  be  more  economical,  however,  to 
tape  record  the  test  data,  and  filter  and  generate  oscillograms  after  the  test  is 
complete.  Similarly,  data  may  be  preprocessed  by  filtering  before  being  tape 
recorded.  This  procedure  should  be  avoided  except  under  extraordinary 
circumstances  since  it  can  be  effected  so  easily  during  processing  of  the  taped 
data. 

Editing  is  defined  as  the  procedures  used  to  locate  wanted  data  in  the  records; 
to  identify  corresponding  parameters  such  as  time  or  frequency  bounds,  sensi¬ 
tivities  or  scale  factors,  data  sources,  etc.;  and  to  provide  “quick-look”  data 
presentation.  Tire  basic  editing  tools  for  taped  data  are  the  oscilloscope  and 
oscillograph  used  in  conjunction  with  the  tape  log  and  supplemental  recorded 
data.  Preprocessing  such  as  filtering  may  be  applied  also.  It  is  often  desirable,  if 
it  was  not  done  during  test,  to  record  a  time  code  before  duta  editing.  If  data 
volume  is  largo  or  extensive  processing  is  required,  it  is  good  practice  to  dub 
working  tapes  from  the  originals  to  avoid  data  degradation  as  a  result  of  tape 
wear.  If  analog  processing  is  to  be  applied  to  short  sequences  of  test  data,  the 
corresponding  tape  segments  must  be  cut  and  spliced  into  loops  permitting 
iterative  playback.  High-quality  splicing  is  required  to  minimize  the  introduction 
of  spurious  signals  as  the  splice  passes  the  reproduce  head. 
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6.3  Data  Processing  and  Presentation 

Data  processing  and  presentation  are  most  conveniently  treated  as  one  subject 
because  they  arc  often  inseparable  functions.  Except  for  the  first  subsection, 
which  deals  with  factors  either  applicable  to  data  processing  in  general  or  related 
to  multi'usc  processing  equipment,  tiie  material  is  discussed  separately  for  the 
several  types  of  tests. 

General  Considerations  of  Accuracy 

Far  the  purposes  of  this  discussion,  accuracy  is  a  term  used  loosely  to 
encompass  factors  which  the  purist  will  insist  on  separating  Into  categories  such 
as  precision,  accuracy ,  resolution,  etc. 

The  first  thing  to  be  noted  here  is  that,  since  there  are  bound  to  be  certain 
limitations  on  data  quality  inherent  In  the  acquisition  procedure,  processing 
accuracy  requirements  should  bo  reasonably  related  to  these  limitations.  For 
example,  it  is  senseless  and  unnecessarily  costly  to  require  O.i-pereent  processing 
accurucy  for  5-pcrccnt  data. 

Most  laboratories  arc  subject  to  quality  assurance  requirements  for  periodic 
calibration  checks  and  certification  of  some  of  tire  instrumentation  used  for  data 
processing,  Use  of  such  equipment  when  it  is  near  or  beyond  its  recalibration 
date  is  poor  practice  unless  tire  validity  of  processing  results  can  be  demon¬ 
strated  unquestionably. 

The  following  paragraphs  identify,  by  types  of  processing  functions  or 
equipment,  general  factors  affecting  accuracy. 

1.  Magnetic  tape  reproduction.  Assuming  that  the  precautions  cited  on 
pp.  174-176  have  been  duly  observed,  preservation  of  data  quality  in  processing 
first  requires  careful  alignment  of  reproduce  electronics.  Next,  the  analog  sensi¬ 
tivity  of  the  data  must  be  determined  from  the  reference  signal  and  tape  log. 
These  steps  must  be  performed  with  all  equipment  that  will  be  used  connected 
into  the  processing  system  to  avoid  the  introduction  of  errors  due  to  loading 
effects. 

2.  Tracking  filter.  Ttiis  device  is  a  common  primary  element  in  test  data 
analog  processing  for  phase  and  transmisslbility  measurements,  wave  analysis, 
power  spectral  density  estimates,  etc.  For  every  such  use,  the  following  pre¬ 
cautions  should  be  obscivcd; 

(a)  The  filter  bandwidth  should  be  selected  to  match  data  and  processing 
requirements.  For  example,  If  random  test  data  arc  being  processed,  required 
sweep  and  detection  times  increase  with  deeteased  filter  bandwidth  to  permit 
the  processing  system  to  respond  to  changes  in  the  power  spectral  density  of  the 
data  signal. 

(b)  Instructions  for  alignment  should  be  followed  completely  and  eure- 
fully.  This  innocent-appearing  Instrument  is  a  very  complex  device  which 
performs  poorly  if  not  properly  adjusted. 
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(c)  Final  system  sensitivity  measurement  (and  adjustment,  if  necessary) 
should  be  made  with  all  input,  output,  and  monitoring  equipment  connected. 

3.  Miscellaneous.  Other  equipment  commonly  used,  such  as  xy  plotters  and 
log  converters,  present  potential  problems,  l  or  these  and  other  equipments,  the 
arrangement  for  range  changing  or  gain/attenuation  setting  is  often  such  thut 
interface  impedances  are  changed  also.  For  this  reason,  once  the  final  processing 
system  alignment  and  sensitivity  are  determined,  no  changes  in  range,  gain,  etc,, 
should  be  made  without  rechceking  system  analog  sensitivity.  An  additional 
factor  applicable  to  most  processing  equipments  is  related  to  their  dynamic 
range.  In  general,  for  any  given  application,  there  is  an  optimum  operating 
region;  if  signal  amplitudes  arc  consistently  low  or  high  relative  to  optimum, 
errors  may  be  introduced  due  to  unwanted  noise  or  signal  limiting,  respectively. 

Sinusoidal  Tests 

Real-Time  Processing.  On-iine  oscillographic  recording  of  unmodified  data 
signals  is  a  common  form  of  treatment  for  data  from  cither  filtered  or  unfiltcrcd 
swept  sinusoidal  tests.  This  is  obviously  little  more  than  data  acquisition,  but  the 
records,  suitably  annotated,  are  often  the  nearest  the  test  da'a  comes  to  being 
processed.  The  procedure  may  be  adequate  for  many  tests  with  the  limited 
objective  of  determining  if  the  test  item  can  survive,  in  physical  or  functional 
terms,  exposure  to  controlled  vibration  levels.  However,  if  the  test  item  fails  or 
exhibits  anomalous  behavior,  an  explanation  is  usually  sought  in  the  recorded 
data.  If  the  test  control  signal  was  unfiltcrcd,  analysis  of  test  item  behavior  is  an 
impossible  task  unless  very  fast  chart  paper  speed  was  used;  in  the  latter  case,  the 
physical  record  length  may  require  adjournment  to  the  nearest  long  corridor  for 
visual  and  martial  analysis!  For  all  but  the  most  routine  unfiltcrcd  sweep  tests,  If 
the  data  cannut  be  tape  recorded,  it  is  recommended  that  the  Filtered  (in 
addition  to  the  unfiltered)  control  signal  be  recorded  on  nc  oscillograph.  Fig. 
6-2  diagrams  a  typical  setup  for  doing  so.  The  second  output  of  the  tracking 
filter  shuwn  is  available  us  a  standard  option  and  is  recommended  also  for  its 
diagnostic  value.  It  is  commonly  called  the  sine  refect  output  and  is  a  broadband 
signal  with  the  sweep  excitation  frequency  notched  out. 

Figure  6-2  also  shows  the  alternative  use  of  u  dual-channel  xy  plotter  for 
recording  the  processed  control  signal;  this  figure  is  an  example  of  such  proc¬ 
essing.  Two  plotters  can  be  substituted  if  a  dual-channel  device  Is  not  available. 
Tills  is  a  particularly  useful  technique  for  the  single-sweep  test  but  may  be  used 
also  for  periodic  sampling  of  the  multiswecp  test.  The  x-axis  log  converter 
permits  representation  on  standard  log  graph  paper.  The  y-axis  log  converters 
serve  a  dual  purpose;  detection  of  the  data  signals  and  lnereusrng  the  dynamic 
range  of  signal  amplitude  presentation.  If  linear  presentation  is  required,  de¬ 
tectors  und  plotter  drive  amplifiers  must  be  substituted  for  the  log  converters. 

Limited  on-line  transmissibility  plotting  muy  be  performed  also  if  the 
appropriate  equipment  Is  available.  Figure  6-3  diagrams  the  preferred  method 
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Fig.  6-2.  Olt-linc  duta  pioeessing,  swept  sinusoidal  lest  (untutored). 


which  ratios  amplitudes  at  the  fundamental  sweep  cxeitution  frequency  only  for 
a  lespunsc  signal  and  the  control  signal,  respectively.  For  a  filtered  swept 
sinusoidal  test,  the  tracking  filter  shown  in  the  control  slgnul  path  is  the  one 
which  Is  used  for  test  performance.  A  ratio  of  the  signals  is  obtuined  by  simply 
reversing  the  polarity  of  one  of  the  log  convertors. 

Other  tiunsmisslbllity  techniques,  which  do  not  discriminate  aguinst  the 
harmonic-distortion  content  of  the  signals,  can  be  used.  Specialized  plotting 
devices  are  uvallable,  or  u  multiple  signal  oscillographic  recording  method  [107] 
can  be  applied.  However,  the  meaning  of  the  ratio  of  two  signals  which  have  nut 
been  filtered  Is.  to  say  the  leust,  unclear. 

Tuped  Data  Processing  The  simple  processing  described  in  the  previous 
section  can,  of  course,  be  applied  to  all  tuped  dula.  The  resulting  records  can  be 
made  much  easier  to  use  In  the  analysis  of  test  performance,  since  the  editing 
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Mg.  6-3.  Transmisslbllily  plotting,  tracking  filter  method. 


techniques  oil  page  177  may  be  applied  also.  For  the  filtered  swept  sinusoidal 
test,  if  the  filtered  signal  was  not  recorded,  transmisslbility  plotting  requires  the 
setup  diagrammed  in  Fig.  6-3.  if  the  filtered  control  signal  was  recorded  during 
test,  one  trucking  filter  can  lie  eliminated  and  the  reproduced  control  signal  fed 
directly  to  the  corresponding  log  converter. 

Sinusoidal  Plus  Random  Tests 

It  is  improbable  that  the  tape  programming  method  (see  pp.  154-1561  will  be 
used  if  a  tracking  filter  is  available.  Therefore,  processing  options  for  such  test 
data,  wltethei  tape  recorded  or  not,  arc  likely  to  be  restricted  to  the  simple 
expedient  of  outputting  the  htoudbund  signals  on  a  plotter  or  an  oscillograph  as 
u  function  of  time.  It  is  conceivable,  however,  thul  tape-recorded  data  might  be 
processed  at  another  time  ut  place  where  a  tracking  filter  is  uvailuble;  in  that  case 
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the  technique  described  in  the  next  paragraph  may  be  appln  1  if  a  constant- 
amplitude  sweep  frequency  signal  has  been  recorded  for  tracking  liltor  tuning. 
Hie  recorded  sweep  excitation  signal  usually  will  be  unsatislactory  tor  the 
purpose  becuuse  its  amplitude  variations  at  some  frequencies  will  exceed  the 
allowable  range  for  reliable  tracking. 

On-line  data  processing  for  the  test  using  the  tracking  Filter  method  (page 
1 56)  is  diagrammed  In  Fig.  6-4.  Two  basic  graphic  presentations  are  generated:  a 
plot  of  power  spectral  density  averaged  over  the  equalizing  filter  bandwidths, 
und  u  plot  of  sinusoidal  amplitude  vs  frequency.  Only  the  control  signal  cun  be 
processed  on-line  unless  the  test  laboratory  Is  blessed  with  both  multiple  track¬ 
ing  filters  und  xy  plotters  und  spare  equalizing  systems.  The  second  output  (sine 
reject),  which  is  shown  connected  to  the  xy  plotter  via  the  mean-square  de¬ 
tector,  is  an  option  which  muy  have  diagnostic  value  if  test  control  anomalies 
occur .  The  tracking  niter  shown  Is,  of  course,  the  same  one  used  for  test  control, 


Mg.  6-4.  Sinusoidal  plus  random  lest  data  processing. 
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For  processing  tape-recorded  datu,  the  only  difference  is  thut  tracking  filter 
inputs  come  from  the  tape  recorder  rather  than  front  test  control  equipment. 

Broadband  Random  Tests 

Processing  of  data,  either  on  line  or  from  recordings,  obtained  during  random 
vibration  tests  entails  what  is  generally  known  as  spectral  analysis.  The  type  of 
spectral  analysis  performed  will  be  very  dependent  on  the  equipment  available 
and  the  intended  use  of  the  data  subsequent  to  processing.  Chapter  2  contains 
discussions  of  some  of  the  parameters  which  must  be  considered  in  selecting  the 
spectral  analysis  method,  particularly  the  filter  bandwidth  to  be  employed.  In 
this  section  and  following  sections  regarding  specialized  random  vibration  tests, 
it  will  be  seen  that  there  are  two  categories  of  spectral  analysis.  The  first  Is  that 
carried  on  continuously  within  the  vibration  test  equipment  in  order  to  control 
the  test.  It  is  only  necessary  to  read  out  the  spectrul  values  at  an  appropriate 
time.  The  second  Is  that  curried  out  either  during,  or  more  often,  after  the 
conclusion  of  the  test,  using  an  available  spectral  unalyzer  which  is  not  an 
integral  purt  of  the  vibration  test  equipment.  The  spectral  analyzers  cun  be 
classified  as  constunt-bandwirith  (swept  filter,  constant-percentage  bandwidth) 
comb  filter,  and  special  purpose.  The  following  subsections  briefly  describe  the 
use  of  these  types  (or  categories)  of  spectral  analysis  for  broadband  random 
vibration  tests. 

Equalizer-Analyzer  System  Most  random  vibration  equalizer-analyzer 
systems  present  a  continuous  visual  dlspluy  of  the  spectral  density  in  each 
equalizer  channel.  In  addition  u  scanner  or  commutator  which  samples  a  voltage 
representing  the  spectral  density  in  each  chunnel  is  included  in  the  system. 
Figure  6-5  Illustrates  the  equipment  necessary  to  obtain  an  xy  plot  of  this 
spectrum.  Of  course,  tape  recordings  of  random  vibration  signals  cun  always  be 
played  back  through  the  analysis  section  to  perform  this  type  of  analysis, 
providing  the  signal  is  attenuated  to  obtuln  the  normal  10  mV/g  sensitivity. 

Constant- Bandwidth ,  Swept-Filter  Analysis.  This  type  of  data  reduction  muy 
be  performed  on  line  or  by  using  taped  records.  It  is  usually  accomplished  by 
effectively  sweeping  a  filter  across  the  frequency  range  of  interest,  but  is 
sometimes  done  by  stepping  the  filter  incrementally.  There  are  various  equip¬ 
ments  such  as  trucking  filters,  wave  analyzers,  and  other  specialized  instruments 
that  may  be  used  for  the  purpose.  A  typical  processing  setup  is  diagrammed  in 
Fig.  6-6.  Regardless  of  the  equipment  used,  there  are  three  basic  factors  to  be 
considered. 

1.  In  choosing  the  filter  bandwidth,  it  must  be  remembered  thut  both  the 
allowable  sweep  and  the  maximum  theoretical  accuracy  urc  limited  thereby; 
sweep  rate  because  of  filter  response  und  detection  time  constraints,  and 
accuracy  because  there  is  an  inherent  statistical  error  which  is  a  function  of 
bandwidth  and  sampling  time  (33,1 08 J . 
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Fig.  6-5.  Broadband  randum  test  data  processing,  on-lino. 


2.  Tlie  effective  bandwidth  of  the  fillet  must  be  known  in  order  to  align  the 
system  properly  unless  an  accurate  reference  noise  source  is  available. 

3.  Hie  filter  sweep  rate  and  detection  time  constant  must  be  chosen  carefully 
to  minimize  “grass"  on  the  plot  and  still  maintain  the  ability  of  the  system  to 
respond  to  variations  witli  Frequency  of  the  spectral  density  [108] . 

if  the  equipment  is  available,  digital  detection  and  processing  of  the  filter 
output  can  be  performed.  Tire  procedure  is  particularly  attractive  if  the  system 
provides  for  digital  incremental  plotting,  since  a  large  data  volume  cun  be 
processed  rapidly  into  its  final  presentation  format.  However,  there  are  pro¬ 
gramming  complications  and  uncertainty  in  frequency  determination  if  the  filter 
is  swept;  for  these  reasons,  it  is  recommended  thut  the  filter  be  Incrcmcntully 
stepped  for  digital  processing. 

Constant-Percentage-Bandwidth,  Comb  Filter  Analysis.  When  constant- 
percentage  bandwidth  analysis  is  desired,  swept-filter  processing  is  not 
recommended  since  economical  technology,  which  maintains  filter  quality  and 
also  allows  continuous  bandwidth  change,  does  not  yet  exist  1 108] .  The  obvious 
alternative  is  to  use  a  combination  arrangement  of  fixed-frequency  fillers  over¬ 
lapping  so  the  response  curves  for  adjacent  filters  intersect  approximately  at 
their -3  dB  points.  An  early  version  of  this  technique  [  1 09 ]  was  u  bit  cumber¬ 
some,  since  u  single  detector  hud  to  be  switched  to  euch  filter  output  in  turn  and 
the  resulting  data  logged  for  later  scaling  and  plotting.  However,  it  represented  a 
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l  lg.  6-6.  Broadband  random  tost  data  processing,  swept-fllter  melliud, 


considerable  Improvement  over  previous  methods  since  it  provided  the  capability 
for  estimating  amplitude  distribution  as  well  as  spectral  density.  It  was  obviously 
impractical  to  use  for  on-line  data  processing. 

To  overcome  the  disadvantages  noted  above  and  to  permit  timely  processing 
of  large  quantities  of  test  data,  the  simultaneous  detection  of  filter  outputs  and 
the  automatic  scaling  and  outputting  of  processed  datu  arc  required.  The  method 
evolved  in  tesponse  to  this  need  in  the  authors'  laboratory  is  based  upon  use  of  a 
hybrid  system  (I],  The  analog  section  contains  10-pcreent  bandwidth  filters 
(covering  the  nominal  frequency  rungc  of  20  to  2650  Hz)  and  the  amplifiers, 
etc.,  required  for  Impedance  matching,  guin  adjustment,  and  isolation.  Its  out¬ 
puts  arc  connected,  via  multiplexer  and  anulog-tu-digltul  (AD)  convertor,  to  a 
small  general  purpose  computer  system  which  includes  digital  tape  recorders  and 
un  incremental  plotter.  Signal  detection  Is  performed  in  the  computer  and  the 
multiplexing  and  AD  conversion  rates  arc  sufficiently  high  to  allow  effectively 
simultaneous  detection.  Tire  computed  power  spcctrul  densities  are  recorded  on 
digital  tape  for  subsequent  outputting  (listing  or  plotting)  or  further  processing 
(see  pp.  188-195).  With  a  moderately  large  data  volume,  say  12  or  more  datu 
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sequences,  processing  rates  (raw  data  to  report-quality  plots)  of  six  per  hour  are 
achieved  easily. 

If  the  frequency  range  of  Interest  for  data  to  be  processed  exceeds  the  range 
of  a  fixed-frequency  filter  system,  the  taped  data  can  be  played  back  at  a 
different  speed  for  processing.  The  relative  speed  change  shifts  the  effective  data 
frequency  up  or  down  (for  increased  or  decreased  speed,  respectively)  by  the 
speed  change  ratio.  However,  it.  should  be  noted  that  an  artificially  changed 
signal  analog  sensitivity  must  be  used  if  correct  answers  are  to  be  obtained.  This 
may  be  explained  most  easily  by  considering  what  occurs  in  a  limited  energy 
bandwidth  on  the  tape  record.  For  example,  assume  there  exists  in  the  data  a 
bandwidth  B  of  energy  with  uniform  spectral  density  W  and  an  rms  value  o;  then 
o 2  =  WB.  If  the  tape  Is  played  back  at  twice  the  speed.it  will  be  found  that  a 
remains  unchanged  but,  since  the  bandwidth  is  now  2 B,  the  computed  spectral 
density  would  be  0.5 IV  if  no  sensitivity  adjustment  were  made.  Therefore, 
computed  spectral  densities  must  be  scaled  by  multiplying  them  by  the  ratio/? 
of  the  record  to  playback  speeds.  This  is  equivalent  to  multiplying  the  original 
tape  signal  analog  sensitivity  by  y/IT 

Special  Purpose.  On-line  digital  data  processing  is  concomitant  to  the  digital 
control  method  noted  on  page  160,  and  a  hybrid  technique  is  described  in 
Refs.  1 10  and  111.  Taped  test  data  can  be  processed  also  by  AD  conversion  and 
applying  digital  filtering  or  one  of  several  transform  algorithms.  Various  forms  of 
digital  analysis  arc  possible:  spectral,  correlation,  statistical,  etc.  [33,1 12,113]. 
Some  of  these  types  of  analysis  can  also  be  accomplished  using  specialized 
analog  or  hybrid  methods  [1 14, 1 1 5] . 

Swept  or  Stepped  Narrowband  Random  Tests 

Ou-linc  processing  for  data  from  these  tests  can  consist  of  little  more  than 
some  form  of  continuous  graphic  recording  of  detected  control  filter  outputs 
and  analogs  of  the  filter  tuning  signals.  Fig.  6-7  shows  a  typical  setup  for  this 
purpose.  For  the  stepped  narrowband  test,  two  additional  options  are  available 
under  the  following  conditions.  If  filter  frequency-shift  markers  are  recorded 
on  tl,e  program  tape,  the  detected  outputs  can  be  plotted  on  an  xy  plotter  for 
each  filter  position  in  turn.  Figure  6-8  diagrams  a  setup  for  doing  so.  The 
scanner  output  of  the  equalizing  system  can  also  be  plotted  (see  Fig  6-5)  tc 
document  the  spectral  density  outside  the  narrowband  excitation. 

The  foregoing  methods  can  be  applied  directly  to  taped  data  by  playing  the 
broadband  signal  back  through  the  narrowband  programming  system,  providing 
that  all  filter  control  signals  and  frequency- shift  markers  have  been  recorded. 

Pulsed  Excitation  Tests 

Definition  of  the  vibration  conditions  during  the  pulsed  excitation  tests 
described  on  pp.  166-167  requires  processing  to  determine  the  amplitudes  of  the 
fundamental  frequency  and  a  sufficient  number  of  harmonics  of  the  periodic 
signal  fur  each  of  the  prfs  employed  during  test.  The  swept-filtcr  analyzer 
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Fig.  6-7.  Swept  or  stepped  narrowband  random  test  data 
processing,  continuous. 


system  shown  in  Fig.  6-9  may  bo  used  to  analyze  a  segment  of  the  recorded 
signal  at  each  prf  by  using  tape  loops.  The  amplitudes  of  the  harmonics  can  be 
tabulated  from  the  xy  plot.  If  random  vibration  is  also  present,  the  xy  plot  can 
be  used  as  an  approximate  measure  of  the  acceleration  spectral  density  in  the 
frequency  bands  between  the  harmonics,  providing  allowance  is  made  for  the 
filter  bandwidth  characteristics. 

The  above  method  is  time-consuming,  i.e.,  expensive,  and  results  in  a  large 
number  of  xy  plots  which,  strictly  speaking,  should  beconvcited  to  line  spectra 
plots  or  tabulations.  Again,  a  comb  filter  can  be  used  to  avoid  the  necessity 
of  making  tape  loops  and  to  obtain  ail  the  harmonics  with  one  passage  of 
the  recorded  data,  provided  only  one  harmonic  of  interest  <s  present  in  the 
bandwidth  of  any  filter.  The  hybrid  analog-digital  system  described  on  page  1 85 
can  be  modified  for  application  to  these  test  data,  if  certain  supplemental 
information  is  recorded  on  the  tape.  The  additional  required  data  are  the 
pulse-train  excitation  source  and  a  ptf  code,  fne  method  provides  for  self- 
calibration  of  the  processing  system  just  piior  to  its  use;  i.e.,  the  correct  gain 
factors  are  calculated  for  eech  prf  for  the  filters  containing  in  their  pass'oands  the 
fundamental  and  the  required  harmonics.  These  calculations  are  performed  by 
die  computer  and  are  possible  because  the  ratio  of  pulse  width  to  pulse  period  is 
maintained  constant  for  all  prfs;  consequently,  the  relative  amplitudes  of  pulse, 
fundamental  frequencies  and  harmonics  can  be  predetermined  and  entered  into 
the  computer  progiam.  The  self-calibration  eliminates  any  problems  due  to 
minor  frequency  shift  oi  drift  anywhere  in  the  test  control,  recording,  or 
playback  sequences,  since  the  gain  factors  are  calculated  for  the  actual  playback 
data  frequencies.  Processed  data  are  recorded  on  digital  tape  for  subsequent 
outputting  or  further  processing.  The  normal  output  is  a  tabulation  of  harmonic 
amplitudes  for  each,  prf  as  shown  in  Fig.  6-10. 
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DETECTED 

SIGNALS 


Fig.  6-8.  Stepped  narrowband  random  test  data  p!ottm„ 


6.4  Special  Topics 

It  was  suggested  in  Chapter  2  that  a  common  weakness  in  the  design  of 
vibration  test  experiments  is  the  lack  of  consideration  of  requirements  for  the 
later  analysis  or  evaluation  of  the  data  after  initial  processing,  i.e.,  the  cerebral 
processes.  It  is  not  unfair  to  suggest  that  the  design  of  data  analysis  “systems” 
often  displays  a  similar  weakness  in  that  the  “system”  stops  at  the  point  that  the 
processed  data  are  displayed  on  a  cathode  ray  tube  or  an  unlabeled  xy  plot.  The 
material  in  this  section  describes  some  specialized  processing  applications  of  test 
data  which  have  been  found  to  be  very  useful.  The  descriptions  are  included  to 
illustrate  the  potential  of  such  specialized  processing  during  the  test  evaluation 
phase.  However,  these  methods  depend  on  the  availability  of  the  results  of  imtial 
processing  on  digital  tape  or  Hollerith  cards  and,  of  course,  access  to  a  digital 
computer.  A  data  analysis  system  such  as  described  on  page  185  [1],  wiuch 
outputs  data  in  this  format,  is  particularly  convenient.  Bozich  [116-118)  has 
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Fig.  6-9.  Pulsed  agitation  test  data  procuring,  analog. 

described  'imilar  data  processing  methods  developed  fo;  test  programs  in  which 
the  sheer  volume  of  test  data  required  more  efficient  processing  and  evaluation 
of  test  data  than  has  been  traditional. 

Random  Test  Data 

The  processed  spectral  tecords  accumulated  from  one  or  more  tests  can  be 
reprocessed  in  several  useful  ways  after  they  are  encoded  on  digital  tape.  Five 
basic  types  of  routine  data  processing  have  been  developed  for  use  In  the 
authors’  laboratory;  they  are 

1.  Average  and/or  envelope  of  N  spectra.  Three  different  outputs  are  avail¬ 
able:  a  plot  of  high,  low,  and  average  values  (Fig.  6-1 1);  a  teletype  (TTY)  listing 
of  high,  low,  and  average  values  (Fig.  6-12);  or  a  TTY  listing  of  high  and  low 
values  along  with  identification  of  the  spectral  records  containing  each  (Fig. 
6-13). 

2.  Ratio  of  two  spectra.  A  sample  plot  for  squared  transmlsslbility  is  shown 
In  Fig.  6-14.  An  option  to  plot  the  square  root  of  the  ratio,  i.e.,  rms  trans- 
mi  ssibility,  is  available,  as  shown  In  Fig.  2-1 1 . 

3.  Multiplying  spectra  by  a  constant  or  multiplying  two  spectra. 

4.  Computing  the  mean,  standard  deviation,  and  variance  for  N  spectra.  Fig. 
6-15  shows  a  TTY  listing  for  such  computations  for  350  spectra  used  to  establish 
system  gain  and  effective  bandwidth  constants. 

5.  Conversion  of  acceleration  spectral  density  to,  for  enmple,  displacement 
spectral  density. 
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Fig.  6-10.  Typical  teletype  printout  of  gunfire  vibration  test  data  analysis. 
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Fig.  6-12.  Average  and  envelope  of  three  spectra. 
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Fig.  6-13.  Envelope  of  three  spectra  and  identification  of  source  spectra. 


ACQUISITION  AND  PROCSSSING  OF  TEST  DATA 


195 


CM  . 

FKEQ  . 

VR 

SD 

b  VG 

01 

20.50 

+  .985193  2-03 

+.31SB77E-OI 

+  .1  1P300L+0Q 

02 

22.58 

+  .930341  £-03 

+  .30501  4E-0I 

+  .1118102+00 

03 

24.84 

+  .91  64  73E-03 

+  .3027331.-01 

+  .  I05880E+00 

04 

27.52 

+ ,  1 0  5808  £-02 

+  .325281  £-01 

+  .  118651  E+00 

05 

50.05 

+  .  1  1  7  489  E-02 

+  .3427678-01 

+  .12731  4E+00 

OS 

53.06 

+  .  '0993OE-O2 

+  .331957E-01 

+  .  120721  E+00 

or 

56.56 

+  .1  19949  £-02 

+  .3  4  53  3SE-0I 

+  .  I29850E+00 

08 

40.00 

+  .  1 1  61  58  E-02 

+  .34081  SE-01 

+  .  1’Ul  65E+00 

09 

44.00 

+  .10691  5E-02 

+  .326979  E- 01 

+  .  122  704E+00 

10 

43.40 

+  .92  4028  E- 03 

+  .30397SE-0! 

+  .  1  IS473r.+  00 

1 1 

55.24 

+  .979003  E-113 

+  .31  2890  E-  01 

+  .1  18641 E+UO 

12 

58.36 

+  .954532  E-03 

+  .3  10569  E-Q  1 

+  .1181  51  E+00 

15 

64.42 

+.916577E-03 

♦  ,302750  E-  01 

+  .  1 143I6E+00 

14 

70,36 

+  .9700 79  E-03 

+  .3  11461  £-01 

+  .  1  I5925E  +  00 

15 

77.93 

+  .  881  220  E-03 

+  .296853E-OI 

+  .109451  E+00 

16 

83.74 

+  .8233  72  E-03 

+.2BS944E-01 

+  .  106793E+00 

IT 

94.32 

+.53731 4E -03 

+  .242387E-0I 

+  .89755PE  01 

13 

103 .8 

+  . 44  63 1 6E-03 

+  .21  I309E-0I 

+  ,  177253E-01 

19 

114.1 

+. 31402 6E-03 

♦ .  1  7  72  OB  E-  0 1 

+  .649369  E-OI 

20 

125.5 

+  .73  3031  E-05 

+  .270745E-0I 

+  .994476E-0I 

21 

158.  1 

+ .  7662C9  E-03 

+.27681 5E-0I 

+  .  101  9I0P+00 

22 

131  .9 

+  .  74  1940  £-03 

+  .272385E-01 

+  .  99 7 7 ODE- 01 

25 

167.1 

+.74H96I £-03 

+  .2  736  71  E- 01 

+  .  101  078  E+00 

24 

135.8 

+ . 790874E- 03 

+  . 20122  4E-01 

+  .  I03806E+00 

25 

202.2 

+  .795949  £-03 

+  .282I25E-0I 

+  .  I04I35E+00 

26 

222.4 

+  .  792670  E-03 

+  .281544E-0I 

+  .  I04094E+00 

2  7 

24  4.6 

+  .  639040  £-03 

+  ,  252792  E-  01 

+  .93IOI6E-01 

28 

2  69. 1 

+  .  740003  £-03 

+  .272030E-01 

+  .99T652E-DI 

29 

296.0 

+  .693752  E-03 

+  .264339  t- 01 

+■  .9  7S202E-Q 1 

10 

325.6 

+  .  699638  E-03 

+  .264306E-01 

+  .9782  94E-0I 

51 

353.2 

+  .698631  E-03 

♦ .  264320  E- 01 

+  .976I54E-01 

52 

594.0 

+  .669839  E-03 

+  .2588I2E-0I 

+  .9579/8  E-01 

55 

433.4 

* . 670324E -03 

+  .258906t-01 

+  .956304E-OI 

54 

476.7 

+  .629333  E-03 

+  .250865E-01 

+  .925201  E-01 

55 

524.4 

+  .60633  (E -03 

+  .246239  t-01 

+ .9O/827E-01 

56 

576.8 

+  .G2  3215E-03 

+  .250O43E-0I 

+  .924265E-0I 

57 

634.5 

♦  , 618912  K- 03 

+  ,248"  79  E- 01 

+  .  9  1 69241. -01 

5? 

653.0 

+  .559881  E-03 

+.236575E-Q! 

+  .  B73614E-0I 

59 

767.8 

+  .552553  E-03 

+  .2350  64E-05 

+ .  8S5805E-0 1 

40 

845  .0 

+  .  5304  79  E-  03 

+  .232051  E-OI 

+  ,  853499  E-01 

41 

929.5 

+  .301  502  E-03 

+ , 223942E-0! 

+  .8235342  “01 

42 

1022, 

+.576Q35E-03 

+  .24000  7E "01 

+  .884647F.-01 

45 

1124. 

+  .586  733  E-03 

+  .742225E-01 

+  .S9493RE-0I 

44 

1  236. 

+  .  61  6220  £-03 

+  .24823  7E  -0 1 

+ .  91  3^90E-0I 

45 

1360. 

+  .581  732  E-03 

+  .241191  E-01 

+.8B75O6E-0I 

46 

1  496. 

+  .  57  1490  E-03 

+  .239038L-OI 

S80874E-01 

47 

1646. 

+  .67472  7  E-03 

+ ,  26  97  5  5C  -  0 1 

+ .  955376E-0 1 

48 

I’ll. 

+  .6681  45E-03 

+  ,  2  5848  3E  -  0 1 

+  .  947  486  E- 01 

4? 

1992, 

+  .639  775E-03 

+.252937E-0I 

+  .921  432E-0I 

50 

2191  . 

+  .622401  E-03 

+  .24'+47«£-0l 

+ ,  9056  10  E-OI 

51 

2410. 

+  .6079^  /t.-03 

+  .  246576E-01 

+  .<'93  93’  E-0| 

52 

2S5  1 . 

+  .81  3784E-03 

+  .2852OE-01 

+  .  103OI4E+Q0 

NO.  Zr  SAMPLES  x  350 

l 

:  Fig.  61 5.  Mean,  standard  deviation  and  variance  for  350  iprctru 

J 

i 


i 


- 1 


196 


SELECTION  AND  PERFORMANCE  OF  VIBRATION  TESTS 


Response-Limited  Tests 

Efficient  execution  of  the  response-limited  test  described  on  pp.  167-168 
depends  on  rapid  computer  processing  of  test  data  from  eacli  Iterative  step. 
Reference  1  describes  the  use  of  a  computer  to  compare  the  response  and 
control  spectra,  to  calculate  the  input  adjustments,  and  to  output  corresponding 
instructions  to  the  test  operator.  Waiting  time  between  test  iterations  has  been 
reduced  to  about  two  hours  for  a  test  requiring  control  at  12  to  15  response 
locations.  Traditional  processing  for  such  a  test  would  require  at  least  two  days. 

Deterministic  Test  Data 

The  processing  methods  Illustrated  above  for  random  test  data  are  equally 
applicable  and  desirable  for  deterministic  test  data,  whether  front  a  swept 
sinusoidal  test  [116]  or  from  a  pulsed  excitation  test.  However,  techniques  for 
the  conversion  of  such  test  data  to  digital  form  for  evaluation  are  not  presently 
well  established.  The  applicability  of  these  methods  to  the  processing  of  data 
from  modal  tests  and  impedance  measurements  and  for  the  comparison  of 
analytical  and  experimental  results  is  self-evident. 


APPENDIX  A 

GLOSSARY  OF  ABBREVIATIONS  AND  SYMBOLS 


AD 

b 

c 

CKO 

D 

Dc 

D0 

Er 

Ds 


E 

E 


C 


f 

‘n 

If  I 


Pi.  P(0 


FM 

g 

0 


h 

H 

H(iw) 

i 

I  RIG 
J 
k 
K 


m 

n 


»l 

N 

NSD 

P 


Analog  to  digital 

Measure  of  slope  of  endurance  (a-N)  curve 
Bandwidth 

Material  constant,  viscous  damping  coefficient 

Cathode  ray  oscilloscope 

Specific  damping  energy,  damage  coefficient 

Damage  coefficient  foi  constant  cyclic  loading 

Total  energy  dissipated 

Damage  coefficient  for  random  loading 

Damage  coefficient  for  sweep  frequency  sinusoidal  loading 

Normalized  standard  error,  2.718  ...  . 

Energy 

Energy  dissipated  In  sinusoidal  dwell 
Energy  dissipated  in  random  motion 
Energy  dissipated  in  sinusoidal  sweep 
Frequency,  in  hertzes 
Natural  frequency 

Absolute  value  of  time  rate  of  change  of  excitation  frequency 

Forcing  function 

Frequency  modulation 

Acceleration  of  gravity 

Fraction  oi  steady  state  response 

Linear  sweep  constant 

Amplification  factor 

Frequency  response  function 

An  index,  \Z—T 

Inter-Range  Instrumentation  Group 
Material  constant 
Spring  constant 

Arbitrary  constant,  fraction  of  steady  state  response 
Proportionality  constant  between  stress  and  vibration 
Mass 

Exponent  of  damping  stress  iclationship,  an  index,  number  of 
channels 

Number  of  cycles  at  stress  level  i 
Number  of  cycles,  number  of  occurrences 
Loss-of-signal  detector 
An  index  denoting  peak  value 
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P(  ) 
Prf 

P 

PSD 
P(  ) 

lln 
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rms 

R 
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SDF 
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TDM 

Tc 

Tr 
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Probability  density  function 
PulserepeMtion  frequency 
Power 

Power  spectral  density 

Cumulative  distribution  function 

Normal  coordinate 

Peak  amplification  or  quality  factor 

Frequency  ratio  (co/con);  an  index  denoting  random 

Root  mean  square 

Response  quantity,  slope  of  spectral  density  curve 

Base  motion  coordinate 

Signal-to-noise  ratio 

Peak  displacement  of  excitation 

Peak  acceleration  of  excitation 

Equivalent  stress 

Single  degree  of  freedom 

Time 

Tmnsmissibility,  observation  time 

Time  division  multiplexer 

Time  of  sinusoidal  dwell 

Time  of  random  test 

Time  of  sinusoidal  sweep 

Teletypewriter 

Coordinate 

Voltage-controlled  oscillator 

Input  motion 

Velocity  spectral  density 

Vacuum  tube  voltmeter 

Total  strain  energy 

Acceleration  spectral  density  (g2/Hz) 

Absolute  motion  coordinate 
Displacement  spectral  density 
Relative  motion  coordinate 
Mean  square  relative  velocity 
Mean  square  relative  acceleration 
Input  impedance 
Output  impedance 
Logarithmic  sweep  rate 
Increment  of  time 
Fraction  of  critical  damping 
Sweep  parameter 
Random  time  function 
3.1415  ... 

Stress  level,  rms  level 
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T 

Time  delay 

♦in 

Eigenvalue 

m 

Phase  angle 

CO 

Circular  frequency  in  rad/sec  (u>  =  2rrf) 

“11 

Natural  frequency  in  rad/sec 

APPENDIX  B 

USEFUL  EQUATIONS  AND  RELATIONSHIPS 


B.1  Root  Moan  Square  of  PSD 

The  following  equations  provide  solutions  for  the  root-mean-square  (rms) 
magnitudes  (acceleration,  velocity,  displacement)  of  acceleration  spectral  density 
spectra  described  by  straight  lines  on  log-log  plots.  The  spectral  density  W  is 
expressed  in  g3/Hz,  the  frequency  f  in  Hz,  and  the  spectrum  slope  R  in 
dB/octave,  where 


R  .  3  toBfUW)  . 

log  (/a//i) 


RMS  accelerations  (g'sj: 


rms 


1 3v,t,  ,i 

j  *  +  3  Lv/.j 


1/2 


,  R+  3 


rms  - 


r  (h\\m 

-  V,  f  \  In  \  ,  R  ~ 


RMS  velocity  (in. /sec): 


rms  = 


\  11.32  X  103  V, 
)  (A  -9)/, 


(K-Ji/3  l)  1/2 

-ijj  .  R+-  3 


nwi  = 


T  3774  V,  ,  //a  Y 

(-j 


1/2 


,  R  =  3 


RMS  displacement  (in.): 

(  286 
rms  -  <  - 


(R-9)/3 


-  1 


1/2 


,  R  *  9 
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rms 


'95.6  W, 
-  f,3 


R  =  9 


For  composite  spectra  made  up  of  various  straight-line  segments,  the  total  rms 
value  is  computed  from  the  square  root  of  the  sum  of  the  squares  of  the  indi¬ 
vidual  rms  values. 

B.2  Acceleration,  Velocity,  and  Displacement  Spatial  Re!r»tionuipc 

Equations  for  the  conversion  of  spectral  density  values  between  displacement, 
velocity,  and  acceleration  and  between  circular  frequency  co  (in  rad/sec)  and 
frequency  f  (Hz)  are  given  below.  A  four-dimensional  graph  paper  developed  by 
Himmelblau  (119]  useful  for  such  conversions  is  shown  in  Fig.  B-l. 

Displacement  spectral  density: 

X(f)  »  2nX(u)  (in.1  /Hz] 


Velocity  spectral  density: 


nt)  =  4/r3/1  X(f)  ((in./sec)2 /Hz] 

V('jS)  =  co3*(w) 

Acceleration  spectral  density: 

W(f)  =  27r  W  (w)  [g3/Hz] 


Wtf)  = 


4tt3  /3  16? r4  /4 

— t-  r(f)  =  x{f) 


to3  CO4 

-*/(«)  =  —  F(ui)  =  -r  A'M 

g  g 

B.3  Peak,  Average,  and  RMS  Relationships 

Sinusoidal: 


average  absolute  value 
rms  value 

average  absolute  value 


-  0.636  peak  value 
=  0.707  peak  value 
=  0.9  rms  value 


velocity  spectral  density. 


APPENDIX  C 

VIBRATION  TEST  PLAN  OUTLINE 


It  was  suggested  by  reviewers  of  an  early  draft  of  this  monograph  that  the 
inclusion  of  sample  test  plans  or  procedures  and  a  checkoff  list  for  selection  of  a 
test  method  would  be  helpful.  The  proper  formats  for  test  plans  and  procedures 
are  often  matters  of  strongly  held  personal  opinion.  Indeed,  the  differentiation 
between  the  two  also  may  be  an  emotional  topic.  The  authors  believe  that  a  test 
plan  is  a  basic  document  which  describes  what  is  to  be  accomplished  during  a 
particular  lest  program  and,  in  broad  terms,  how  it  is  to  be  carried  out.  On  the 
other  hand,  a  test  procedure  is  a  more  detailed  document,  essentially  in  cook¬ 
book  style,  which  describes  very  specifically  the  detailed  steps  to  be  employed 
to  carry  out  the  test.  From  these  beliefs,  and  with  some  temerity,  the  following 
outline  of  a  test  plan  was  prepared  to  serve  both  as  a  model  to  facilitate  prepara¬ 
tion  of  r  test  plan  and  as  a  checkoff  list  by  use  of  the  references  to  various 
section  ,  of  the  monograph  in  the  column  to  the  right  of  the  outline. 

The  suggestion  to  include  test  procedures  is  believed  inappropriate.  Test 
procedures  are  very  much  a  function  of  the  equipment  available  at  a  particular 
test  laboratory  and  of  the  general  policies  and  practices  established  by  the  super¬ 
vision  of  the  laboratory  and  parent  company  management. 
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Appendix  C 
Test  Plan  Outline 


1.  Objective 

Purpose,  scope  of  test,  data  evaluation 

2.  General  Requirements 

2.1  Applicable  Documents 

Listing  of  applicable  equipment  specifications,  militarv 
specifications  and  standards,  memoranda,  etc. 
Applicable  sections  should  be  indicated. 

2.2  Tolerances 

List  of  allowable  tolerances  for  test  and  data 
reduction  purposes 

2.3  Standard  Conditions 

List  of  allowable  laboratory  conditions  for 
demonstrating  equipment  functional  performance 

2.4  Test  Documentation 

Requirements  for  content  of  test  procedures, 
failure  reporting,  progress,  and  status  and  final 
reports 

2.5  Failure  Criteria 

Criteria  for  defining  when  a  failure  has  occurred 
and  how  to  proceed  thereafter 

3.  Test  Program 

3.1  Description  of  Test  Item 

Physical  and  functional  characteristics 

3.2  Test  Fixtures 
Required  characteristics 

3.3  Test  Instrumentation 
Description  of  instrumentation 
characterlstlcs-transducer  types,  locations, 
and  mounting;  signal  conditioning;  and 
recording  requirements 

3.4  Test  Facilities 

List  of  required  facilities  and  their  characteristics 

3.5  Test  Conditions 

Description  of  test  environment-level,  duration, 
frequency  range,  control  method,  and  location 
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3.6  Test  Data 

Amount  and  characteristics  of  required  data 

3.7  Test  Schedule 

Usually  shows  approximate  time  spans  of  each 
phase  of  testing 

4.  Data  Processing 

Description  of  data  processing  re.  '  ents  to 
convert  recordings  to  reduced  dat  ,  PSD  plots,  etc. 


5.  Data  Evaluation 

Description  of  processing  of  reduced  data  for  engineering 
evaluation 
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Accelerated  testing,  88 
Acceleration  limiter,  1 37 
See  also  G-limitcr. 

Acceleration  spectral  density,  75 
Accelerometers 
location,  115 
mounting  115 
types,  114 

Accuracy,  necessary,  40 
Amplification  factor.  Sec  also 
Peak  amplification  factor, 
defined,  55 

Adjacent  natural  frequencies,  effect 
on  measurement  of  damping,  65 
Armature  protection,  137 
Assembly  level,  1 1 
Automatic  equalizer,  1 60 
Automatic  gain  control,  141 
Average  level  control,  32,  36, 1 16, 
149, 156 

Averaging,  1 16, 149, 156 

commutation  method,  120.  See 
Time  division  multiplexer, 
complex  waveform,  118 
decorrelation  method,  1 1 8 
power,  118 
random,  1 18 
sinusoidal,  117 
Bishop,  R.E.D.,  [43]  68 
Bozich,  D.  [116-118]  188 
Broadband  level  control,  36 
Capacity,  vibration  system,  104, 161 
Comb-filter  analyzer,  182,  184 
Combined  testing 

broadband  and  narrowband 
random,  98 

broadband  random  and  sinusoidal, 
99 


Commutator,  124.  See  Time  division 
multiplexer 

Complex-periodic  waveforms,  simula¬ 
tion  of,  99 

Complex  waveform  averaging,  1 18 
Complex  waveform  tests,  164 
Component  test,  1 1 
Constant-bandwidth  analyzer,  183 
Constant-percentage  bandwidth 
analyzer,  183,  184 
Control  equipment,  1 39 
Control  location,  28,  31 
Control  signal,  1 39 
Control-signal  conditioning,  141 
Cook,  L  L.,  [91]  137 
Crosstalk,  105 
Cumulative  damage,  15 
Damage,  15 
Damage  coefficient 
for  fatigue,  81 
range  of  values,  8S 
Damping 
material,  61 
measurement,  69,  70 
system,  61 
viscoelastic,  62 
Data 

acquisition,  171 
editing,  177 
preprocessing,  177 
presentation,  171, 178 
processing,  171, 178 
accuracy,  178 
requirements,  39 
Decorrelation,  1 1 8 
Design-development  test,  8 
Direct  tape  recording,  174 
Displacement  transducers,  113 
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Dreher,  J.  F,  [23]  31 
Duration,  1 8, 23 
Endurance  curve,  80 
Energy  dissipation 

from  sinusoidal  swell,  93 
from  sinusoidal  sweep,  93 
from  random  loading,  94 
Equalization,  45, 160 
Equalizer 

automatic,  160 
manual,  160 

Equipment,  vibration,  103 
Equivalence  of  test  methods 
accelerated,  88 

based  on  energy  dissipation,  92 
based  on  functional  performance, 
95 

based  on  resonant  response,  91 
based  on  structural  fatigue,  80 
summary,  95 
Ergodic  function,  76 
Evaluation  test,  8 
Exaggeration  factor 
for  random  tests,  90 
for  sinusoidal  tests,  89,  9 1 
Excitation  location,  28,  30 
Excitation  parameters,  18 
Failure  criteria,  15 
Fatigue  damage 

random  loading,  85 
resonance  dwell,  81 
sinusoidal  sweep,  82 
Fixture 

characteristics,  48 
stiffness,  1 1 1 
weight,  110 
Fixtures,  i  10 
Flight  acceptance  test,  7 
See  Quality  assurance  test 
Force-control  testing,  2 
Frequency 
code,  173 

division  multiplexing,  1 74 
range,  18,  22 
recording,  173 
response  function,  77 
Frequency-modulation  (FM)  tape 
recording,  174 


Functional  performance,  as  a  basis 
for  equating  test  methods,  95 
Fundamental  level  control,  36 
Gaussian  random  noise,  73 
GladweV,  G.M.L.,  [43]  68 
G-limiter,  137,  145,  149 
Grover,  H.T.,  [52]  81 
Gunfire  simulation,  99, 166 
Gunfire  vibration  simulation  method, 

99 

Half-power  bandwidth 
defined,  55 

measurement  error,  65 
measurement  of  Q,  64 
Hardrath,  H.F.,  [50]  81 
Impedance  testing,  2 
Input,  vibration,  28 
Instrumentation,  112 
IR1G  time  code,  173 
Kennedy,  C.C.,  [42]  68 
Kirk,  W.H.,  [21]  24 
Lazan,  B.J.,  138]  61 
Level  programmer,  1 43 
Linear  sweep,  63 
Linkages,  106 

Load  connection  systems,  1 05 
Load  support  systems,  105 
Locations 

control,  28,  31 
excitation,  28,  30 
Logarithmic  sweep,  63 
Lyon,  R.H.,  [22]  25 
Magnetic  susceptibility,  14 
Magnetic  tape  recording,  1 74 
Mead,  D.J.,  [51]  8) 

Mean  square  value  of  random 
function,  71 
Miles,  J.W.,  157]  85 
Miner,  M.A.,  [4749]  81 
Modai  testing,  68 
Mode  shape,  69 
Motion  testing,  2 

Multiple  excitation  in  modal  testing,  70 
Multiple-shaker  tests,  168 
Multiplexer,  time  division,  116 
Narrowband  random  vibration 
probability  distribution  cf  peak, 

74 
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simulation,  98 
time  history,  80 
waveform,  description  ol ,  79 
1  lormal  coordinate,  69 
No-signal  detector,  137 
Optical  wedge,  113, 131 
Oscillograpldc  recording,  1 72 
Pancu,  C.D.P.,  [42]  68 
Peak  amplification  factor 
defined,  55 
measurement  of,  64 
relationship  with  stress  level,  62 
Peak-amplitude  method  in  modal 
testing,  69 

Peak  and  notch  filters,  160 
Performance,  functional,  11-13,  15 
Power  average,  39 
Power  spectral  density,  75 
Ptuproduclion  test,  8.  See  Qualifica¬ 
tion  test 

Probability  density  function,  72 
of  Gaussian  random,  73 
of  sinusoid,  73 

Proof-of-design  test,  8.  See  Qualifica¬ 
tion  test 

Protection  devices,  131 
Pulsed  excitation  analysis,  186 
Pulsed  excitation  tests,  166-167 
Pure-mode  excitation  In  modal 
testing,  69 
Purpose  of  test,  7 
Qualification  test,  7, 8 
Quality  assurance  test,  9 
Quality  factor  i'Q).  See  Peak  ampli¬ 
fication  factor 

Random  and  s’nusoidal  tests, 

154-156 

Random  test  level  control,  39 
Random  vibration  Jests,  i 56 
Rayleigh  distribution,  75 
Reaction  impulse  tests,  166 
Resonance  dwell,  154 
defined,  67 

determination  of  tost  frequencies 
for,  67 

Resonance  dwell  lest  control,  154 
Resonance  search,  151, 154 


Resonance  search  test  control,  151 
Resonance  testing.  See  modal 
testing 

Resonant  response,  as  a  basis  for 
equating  sine  and  random,  91 
Response-limited  tests,  1 67 
Response,  vibration,  28 
Richards,  E.J.,  [51]  81 
Safety  devices,  131.  See  Protection 
devices 

Servo  time  constant,  141 
Signal  conditioning,  defined,  171 , 

172 

Signal  selector,  145 
Simulation,  19 
of  effects,  20 
of  environment,  19 
Single-degrcc-of-freedom  system, 
used  as  a  model  of  simulation 
parameters,  53 
Single-frequency  sweep 
as  diagnostic  tool,  64 
definition,  57 

Sinusoidal  and  random  tests,  154-156 
Sinusoidal  test  level  control,  33 
Sinusoidal  tests,  141-154 
Slip  plate,  106,  107 
Specific  damping  energy,  61 
Spectral  analysis,  183 
Spectral  density,  44 
Spectral  density  analysis,  183 
Spectrum  shaping,  160 
Static  load,  109 
Stationary  function,  76 
Statistical  (sampling)  error,  44 
Steady-slate  response,  as  a  function 

of  sweep  rate,  58 
Strain  energy,  61 
Success  criteria,  15 
Sweep  duration,  64 
Sweep  method,  59 

linear,  63 

logarithmic,  63 

to  control  frequency  at  resonance, 
59,62 

to  conxrol  time  at  resonance,  63 
Sweep  parameter,  58,  60 
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Sweep  rate 
definition,  57 

effect  on  peak  frequency,  59 
effect  on  response  amplitude,  58 
linear,  63 
logarithmic,  63 
Swcpt-i liter  analyzer,  183 
System  test,  13 

Tape-delay  averaging,  118.  See 
Decorrelation  method 
Tape  programming,  1 54 
TDM.  Sec  Time  division 
multiplexer. 

Test 

accuracy,  40 
complex  waveform,  1 18 
component,  1 1 
conditions,  18 
data,  39 

design-development,  8 
duration,  18,  23, 43 
evaluation,  8 
failure  criteria,  15 
fixtures,  48 
flight-acceptance,  7 
force  control,  2 
impedance,  2 
level,  18,25 
motion,  2 
preproduction,  8 
proof-of-design,  8 
proof-of-workmanship,  9 
qualification,  7,  8 
quality  assurance,  9 
random,  156 

random  and  sinusoidal,  1 54 
reaction  impulse,  166 
replication,  17 
response  limited,  167 
results,  17 
selection,  7 
sinusoidal,  141 
system,  13 
type-approval,  8 
unit,  12 

vibration,  defined,  2 
verification,  8 


Test  control 

complex  wave,  166 
random  broadband,  156 
tandom  narrowband,  163 
sinusoidal  plus  random,  1 54 
sinusoidal,  swept 
averaging,  149 
filtered,  143 
level  programming,  1 43 
resonance  dwell,  1 54 
resonance  search,  1 5 1 
signal  selection,  145 
unfiltered,  142 
techniques,  1 39 
Test  object 

characteristics,  9 
size,  10 
value,  9 

Test  programming  techniques,  1 39 
Test  purpose,  7 
lest  selection,  7 
Time-code  recording,  1 73 
Time  division  multiplexer,  1 16 
Tolleth,  F.C.,  [65]  106 
Tracking  filter,  143, 156,  178 
Transducer  characteristics,  112 
Transmissibility 
defined,  55 

functions  for  SDF  system,  56 
functions  for  two-degree-of- 
freedom  system,  66 
measurement  of,  64, 179 
Type-approval  test,  8.  See  Qualifica¬ 
tion  test 
Unit  test,  12 

Usher,  T.,Jr„  [87]  117,  118 
Velocity  transducers,  1 14 
Verification  test,  8.  See  Qualification 
test 

Vibration  excitation  system,  104 
Vibration 
fixtures,  1 10 
input,  26,  28 
response,  28 
system  capacity,  104 
tests,  defined,  2 
Waveform,  18 
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